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Introduction 


Laser  materials  processing  is  one  of  the  key  technologies  in  the  2 1st  century  which  will 
enable  the  synthesis  of  advanced  materials  by  controlled  modification  of  the  material 
properties  and  precision  microfabrication  of  the  material  shape.  Laser-based  techniques 
can  be  applied  to  process  a  variety  of  materials,  from  soft  materials  like  bio  tissues  and 
polymers  to  hard  materials  like  diamond  and  glass.  In  addition,  recent  progress  in  using 
ultrashort-pulse  lasers  has  realized  the  feasibility  for  embedded  modification  and 
microfabrication  of  transparent  materials  via  a  nonlinear  absorption  process.  Embedded 
materials  processing  is  difficult  to  accomplish  by  other  materials  processing 
technologies.  As  a  result,  lasers  are  finding  use  in  various  fields,  not  only  in 
microelectronic  and  optoelectronic  manufacturing,  but  also  in  MEMS  and  microsystem 
fabrication. 

The  proceedings  on  Photon  Processing  in  Microelectronics  and  Photonics  2002  consists 
of  reports  presented  at  two  conferences: 

I.  Laser  Applications  in  Microelectronic  and  Optoelectronic  Manufacturing  (LAMOM-VII) 

II.  Laser-Based  Packaging  in  Microelectronics  and  Photonics  (LPMP) 

These  conferences  were  held  21-23  January  and  24  January,  respectively,  as  part  of  LASE 
2002  at  Photonics  West  in  San  Jose,  California,  USA. 

The  LAMOM  conference  series  was  established  in  1995  and  is  now  considered  an  annual 
event.  The  aim  of  this  conference  is  to  provide  a  forum  for  discussion  of  both  the 
fundamental  aspects  of  laser  materials  processing  and  the  practical  applications  of  lasers 
in  the  manufacturing  process  of  microelectronic,  optoelectronic,  and  microsystem  devices. 
The  success  of  this  conference  is  evident  by  the  growing  number  of  participants.  The 
LAMOM  conference  has  really  become  an  important  conference  combining  elements  of 
fundamental  and  applications  interest. 

LAMOM-VII  comprised  12  oral  sessions  plus  a  poster  session  which  included  papers  on 
fundamentals  of  laser-matter  interaction,  diagnostics,  and  mechanisms  of  laser  ablation, 
surface  and  thin  film  treatment,  pulsed  laser  deposition,  ultrafast  laser  processing,  F2  laser 
processing,  micromachining  and  microstructuring,  microsystems  and  microdevices,  direct 
write  processing,  and  innovative  technology  for  industrial  applications.  In  particular,  the 
topic  on  ultrafast  laser  processing  had  three  sessions,  which  reflects  the  current  high  level 
of  interest.  More  than  60  oral  and  poster  papers  including  13  invited  papers  were  presented 
from  the  USA,  Japan,  Germany,  Canada,  Russia,  Singapore,  UK,  France,  and  Israel.  The 
LPMP  conference  comprised  four  oral  sessions  and  a  poster  session.  One  of  the  main 
themes  at  this  meeting  was  laser  microwelding,  which  reflects  the  strong  potential  of  this 
aspect  of  laser-based  technology  in  contributing  to  packaging  in  modern  microelectronics 
and  photonics. 
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Consequences  of  combined  chemical  and  radiative  exposure  of  solid  surfaces 
J.  T.  Dickinson,  M.  L.  Dawes,  Khin  Hla  Nwe,  and  S.  C.  Langford 

Surface  Dynamics  Laboratory,  Physics  Department 
Washington  State  University,  Pullman,  WA  99164-2814 

ABSTRACT 

We  present  studies  of  the  consequences  of  simultaneous  exposure  of  inorganic  single  crystals  to  radiation  and 
water.  The  first  case  consists  of  a  biomineral  namely  CaHP04  2H2O  (brushite)  which  is  a  wide  band  gap, 
hydrated  inorganic  single  crystal.  We  examine  the  laser  induced  ion  and  neutral  emissions  accompanying 
248-nm  excimer  laser  radiation.  Both  types  of  emission  are  several  orders  of  magnitude  higher  following 
exposure  to  2  keV  electrons  at  current  densities  of  200  fiAJcm2  and  doses  of  102-10  mC/cm2.  We  show  the 
that  the  enhancements  in  emission  are  strongly  correlated  with  e-beam  induced  morphology  changes 
(including  recrystallization)  on  this  unusual  surface.  We  then  examine  similar  effects  on  “dry”  crystals  such 
as  NaCl  and  NaN03  which  are  exposed  to  10'5  Pa  partial  pressures  of  H20.  Again  dramatic  enhancements  in 
radiation  induced  emissions  are  exhibited  along  with  the  generation  of  unique  morphological  structures  with 
nanometer  scale  dimensions. 


Keywords:  laser  desorption,  defects,  hydrated  single  crystal,  biomineral,  surface  modification, 
electron  stimulated  desorption,  water  vapor,  nanostructures 


1.  INTRODUCTION 

When  two  stimuli  are  applied  to  a  system  simultaneously  one  always  has  the  possibility  of  a 
synergism,  i.e.,  where  the  total  result  is  greater  than  the  sum  of  the  individual  effects.  We  have  shown  in  the 
past  that  such  synergisms  arise  when  we  combine  exposure  of  materials  to  mechanical  stress  and  electron 
iv»am  irradiation,1’2  chemical  exposure  and  e-beam  irradiation,3*6  7  electron  and  laser  beams,  and 
mechanical  and  chemical  stimulation,11'14  all  of  which  are  cloaked  in  what  we  sometimes  call  our  “one-two 
punch”.  Here  we  would  like  to  examine  the  possible  role  water  can  play  in  changing  rates  of  radiation 
induced  desorption  and  decomposition  on  single  crystals.  For  soluble  inorganic  materials,  water  can  be 
considered  somewhat  aggressive  in  that  when  sorbed  on  such  a  surface,  the  oriented  dipoles  of  the  water  can 
exert  forces  on  lattice  ions/atoms  and  lower  their  binding  energies.  This  is  particularly  effective  at  defect  sites 
such  as  steps  and  kinks  because  these  structures  correspond  to  lower  coordination  (therefore  lower  binding 
energy)  and  water  can  better  surround  (solvate)  the  ions  at  these  sites.  This  results  again  on  stronger  forces 
and  lowered  binding  energies.  In  addition,  many  defects  on  ionic  crystals  are  chemically  active  and  promote 
dissociation  of  the  water  leading  to  sorbed  H  and  OH.  Examples  are  MgO15  and  Ti0216  where  anion 
vacancies  are  shown  to  dominate  the  reactions. 

Very  little  work  has  been  done  on  the  influence  of  electron  and  laser  irradiation  on  inorganic 
crystalline  materials  that  contain  waters  of  hydration.  Such  structures  are  common  in  the  environment  as  well 
as  in  a  number  of  biologically  derived  materials.  The  surfaces  of  such  crystals  can  be  dramatically  altered  by 
UV  and  electron  irradiation.  Single  crystal  CaHP04'2H20  (brushite)  is  a  wide  band  gap,  UV  transparent, 
inorganic  phosphate  biomineral  with  applications  in  dentistry,  medical  implants,  and  prosthetic  devices,  as 
well  as  serving  as  a  possible  target  material  for  laser  surface  modification  and  pulsed  laser  deposition  of 
biocompatible  materials.  Here  we  compare  mass-selected  measurements  of  laser-desorbed  ions  and  neutral 
molecules  from  as-grown  or  as-cleaved  surface  with  measures  from  electron-irradiated  surfaces  (2  keV 
electrons  at  current  densities  of  ~200  /tA/cm^  and  doses  of  ~102-103  mC/cm2).  As-cleaved  brushite  crystals 
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are  transparent  and  quite  resistant  damage  by  30-ns  pulses  of  5  eV  photons  (KrF  excimer  laser,  248  nm). 
However,  prior  exposure  to  the  electron  beam  creates  defects  that  dramatically  increase  the  surface-laser 
interaction  and  the  resulting  ionic  and  neutral  products. 

Likewise,  little  work  has  been  done  on  the  influence  of  background  water  present  during  irradiation 
of  ionic  crystals  with  electron  and  laser  beams.  We  present  our  results  of  such  irradiation  in  background 
pressures  of  water  ~10  Pa.  Strong  synergisms  are  revealed  and  we  suspect  that  water  vapor  is  enhancing 
defect  moderated  emission  processes. 


2.  EXPERIMENT 

Single  crystals  of  monoclinic  brushite  were  grown  from  aqueous  solutions  of  Ca(NC>3)2  and 
NH4(H2P04)  by  slow  diffusion  in  dilute  nitric  acid  (pH  2-4)  at  room  temperature  ,7.  The  resulting  plate-like 
crystals  were  stored  in  saturated  solution  and  exposed  to  air  only  when  mounted  in  the  vacuum  chamber.  As- 
grown  crystals  and  crystals  cleaved  minutes  before  placing  in  the  vacuum  system  showed  very  similar 
emissions.  All  work  on  brushite  was  carried  out  at  a  nominal  crystal  temperature  of  25  °C.  Melt  grown  single 
crystals  of  NaN03  grown  in  our  laboratory  after  heating  to  315  °C  in  air  99.0%  pure  NaNOj  powder  (melt 
point:  306.8  °C)  and  then  slowly,  over  a  period  of  several  days,  cool  it  back  down  to  room  temperature. 
Transmission  measurements  obtained  using  a  Lambda  900,  Perkin  Elmer  UV/VIS/NIR  spectrometer,  and  a 
400/tm  thick  melt  grown  NaNOj  single  crystal,  as  well  as  x-ray  and  ultraviolet  photoelectron  emission 
experiments18  resulted  in  spectra  similar  to  those  reported  in  the  literature.19'23  Optical  grade,  high  purity 
NaCl  crystals  were  purchased  from  Optovac,  Inc.  Both  the  NaN03  and  NaCl  crystals  were  cleaved  in  air 
before  mounting  in  the  vacuum  system.  The  cleavage  process  is  known  to  generate  significant  densities  of 
surface  defects  including  vacancies,  steps,  and  kinks.  The  sample  holder  was  capable  of  heating  the  crystals 
to  temperatures  as  high  as  900  K. 

The  electron  source  was  a  Van  an  Model  981-2455  Auger  electron  gun  operated  at  an  electron  kinetic 
energy  of  2  keV  and  a  current  density  of  100-200  /tA/cm2.  A  Lambda  Physik  LEXtra  200  provided  30-ns 
pulses  of  excimer  laser  radiation  at  248  nm  (KrF).  The  laser  intensity  was  controlled  with  a  MICROLAS 
Laser  system  variable  attenuator.  The  laser  beam  was  focused  by  a  quartz  lens  (focal  length  35  cm)  onto  the 
sample  at  an  angle  of  20°  with  respect  to  the  surface  normal.  Experiments  were  performed  in  a  system  with  a 
background  pressure  of  10*10  Torr.  The  emitted  particles  during  both  electron  and  laser  beam  irradiation 
were  detected  with  a  UTI  100C  Quadrupole  Mass  Spectrometer  (QMS)  mounted  with  its  axis  along  the 
surface  normal.  The  QMS  mass  filter  was  tuned  to  a  specific  mass/charge  ratio  and  the  output  detected  as  a 
function  of  time.  Neutral  particles  were  ionized  by  electron  impact  in  the  QMS  ionizer  operated  at  70  eV  and 
2  mA  emission.  The  resulting  ions  were  drawn  into  the  mass  filter  section,  mass  selected,  and  detected  with  a 
Channeltron  Electron  Multiplier  (CEM).  Measurements  of  mass  selected  ion  emission  were  maHp  by 
grounding  the  electron  optics  at  the  entrance  of  the  QMS  (ionizer  filaments,  grids,  and  the  focus  plate).  The 
CEM  output  was  amplified  by  an  Ortec  Model  474  timing  filter  amplifier  (<  10  ns  rise  time),  and  then 
discriminated  and  counted  by  an  EG&G  Model  914P  Multiple-Channel  Scaler. 

For  the  laser  desorption  of  ions,  time-of-flight  (TOF)  curves  were  fit  to  Gaussian  energy  distributions 
with  one  or  occasionally  two  peaks,  which,  when  transformed  into  TOF-space,  take  the  form: 
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where  d  is  the  distance  between  the  sample  surface  and  the  CEM  (28  cm),  m  is  the  ion  mass,  t  is  the  ion  time 
of  flight;  E  is  the  mean  kinetic  energy,  a  is  the  standard  deviation  of  the  kinetic  energy  distribution;  and  A  is  a 
constant 
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For  neutral  particles  emitted  in  thermal  equilibrium  from  a  surface  a  temperature  T,  the  time  required 
to  reach  the  QMS  ionizer  is  described  by  a  “half-range”  Maxwell-Boltzmann  distribution.  After  accounting 
for  the  time  required  for  ions  generated  in  the  QMS  ionizer  to  pass  through  the  mass  filter,  this  distribution 
takes  the  form: 


Ht)  = 


am2d2 

2n(kT)2tA 


(2) 


where  a  is  the  ionizer  efficiency,  m  is  the  particle  mass,  and  k  is  the  Boltzmann  constant.  The  integral  is 
performed  over  the  volume  of  the  ionizer,  AV,  where  r  is  the  position  vector  (with  origin  at  the  sample)  and  rx 
is  the  component  of  the  position  vector  normal  to  the  sample  surface.  Fits  were  performed  only  on  the  first 
500  (is  of  to  avoid  signals  due  to  particles  which  have  bounced  off  vacuum  system  walls.  With  a  beam 
block  between  the  sample  and  QMS  ionizer,  detectable  signals  due  to  particles  reaching  the  detector  via 
indirect  paths  were  not  observed  during  the  first  500  fis  after  the  laser  pulse.  To  minimize  the  contribution  of 
ion  emissions  to  the  neutral  signals  at  high  fluences,  a  negatively  biased  needle  between  two  positively  biased 
(or  grounded)  grids  was  positioned  in  front  of  the  QMS  ionizer  for  some  measurements. 

3.  RESULTS  AND  DISCUSSION 


Brushite:  l^r  induced  ion  emissions.  Ca+  is  the  principal  cation  observed  from  as-cleaved 
samples,  followed  by  CaO+,  and  PO+.  Electron  irradiated  surfaces  yielded  these  same  ions,  but  several  orders 
of  magnitude  more  intense;  in  addition,  electron-irradiated  surfaces  also  yielded  P+.  Figure  1  compares  the 
fluence  dependence  of  the  Ca+,  CaO+,  PO+  emission  intensities  from  as-cleaved  samples  with  those  from  the 
s?ime  samples  after  exposure  to  electron  doses  of  approximately  0.43  C/cm2.  All  signals  show  highly  non¬ 
linear  behaviors,  with  slopes  (on  log-log  plots)  ranging  from  4  to  10.  Somewhat  lower  slopes areobserved 
after  electron  irradiation.  As  reported  previously  for  a  number  of  ionic  crystals 24  and  for  brushite,  tluijaser 
desorption  of  positive  ions  is  best  described  as  a  multiple  photon  process  (a  sequence  of  excitations)  .  In 
this  scenario,  a  sorbed  adion  is  launched  when  a  nearby  electron  trap  is  emptied,  leading  to  the  Coulomb 
repulsion  necessary  to  push  the  ion  away.  For  adion-trap  separations  on  the  order  of  one  lattice  spacing,  we 
estimate  that  1  to  2  charges  must  be  removed  from  the  trap  to  account  for  the  observed  ion  energies.  Defect 
complexes  are  required  to  account  for  the  emission  of  molecular  ions.  P+  emission  [Fig.  1(d)]  is  detected  only 
from  electron  irradiated  surfaces. 

The  Ca+  intensities  from  all  samples  are  characteristically  orders  of  magnitude  higher  than  that  of 
CaO+,  PO+,  and  P+.  Typical  mean  kinetic  energies  for  electron-irradiated  brushite  are:  Ca+:  6  eV;  CaO+:  1 
eV;  PO+  3-4  eV  and  P+:  5-6  eV.  Thus  the  average  ion  kinetic  energy  often  exceeds  the  5  eV  photon  energy. 
Molecular  ion  emissions27  from  a  number  of  ionic  crystals  (e.g.,  MgO,  NaCl,  and  NaNOs)  show  non-linear 
fluence  dependencies;  further,  the  polyatomic  ions  display  distinctly  lower  kinetic  energies  than  the  atomic 
cations.  These  measurements  were  made  at  fluences  low  enough  to  ensure  that  the  observed  ions  are  emitted 
directly  from  the  surface  and  are  not  produced  by  ionization  of  neutral  particles. 

Fffwt  of  electron  irradiation  on  the  surface.  Brushite  has  a  layered  structure  consisting  of 
alternating  layers  of  CaHP04  and  H2O.28  These  layers  are  parallel  to  the  cleavage  plane,  allowing  near¬ 
surface  water  to  diffuse  to  the  surface  under  vacuum  conditions.  Electron-induced  heating  generates 
subsurface  voids  due  to  the  expansion  of  water  vapor.  These  cavities  serve  as  incubation  sites  for 
efflorescence  29-34  and  recrystallization,  resulting  in  the  growth  of  tiny  platelets  and  feathery  structures.  The 
rapid  formation  of  these  recrystallized  structures  is  expected  to  yield  high  defect  densities. 

Previous  FTIR  and  XPS  observations10,35  indicate  that  electron-irradiated  surfaces  are  principally 
composed  of  pyrophosphate  O^O?4");  exposed  voids  are  typically  composed  of  recrystallized  phosphate,  PO4 
,  in  contrast  to  both  HPO^  and  P2074'.  Large  delaminated  areas  are  observed  in  SEM  images  of  electron 
irradiated  surface,  as  shown  in  Fig.  2.  Similar  structures  are  observed  on  the  surfaces  of  brushite  crystals 
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heated  to  100  °C  in  air  in  an  oven  36 .  Images  taken  at  higher  magnifications  [Fig.  2(b)  and  2(c)]  show  that 
many  of  these  exposed  voids  are  lined  with  small  plate-like  crystals. 

These  rough,  defect-laden  surfaces  are  expected  to  absorb  strongly  at  the  laser  wavelength  and  yield 
intense  emission.  The  formation  of  P2<V"  on  the  HP042  sublattice  should  result  in  high  densities  of  anion 
defects,  such  as  HPO  vacancies.  These  vacancies  are  similar  to  F-centers  in  the  alkaline  earth  oxides.  P207*' 
vacancies  on  damaged  brushite  surfaces  are  potentially  more  efficient  electron  traps  than  HPO^  vacancies, 
being  able  to  trap  up  to  twice  as  many  electrons.  P2074’  vacancies  and  related  complex  anion  defects  would 
serve  as  sorption  and  emission  sites,  significantly  reducing  the  observed  “threshold  fluences”  for  ion  emission 
from  electron-irradiated  surfaces. 
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Fig.  1.  Fluence  dependence  of  the  intensities  of  the  principal  ion  emissions  from  as-cleaved  brushite:  (a) 

Ca  ,  (b)  CaO  ,  (c)  PO  ,  and  (d)  P+ ,  before  (open  symbols )  and  after  (filled  symbols )  electron 
irradiation. 


In  addition  to  thermally-induced  changes,  electron  irradiation  produces  additional  chemical  effects. 
The  production  of  P*  and  P°  from  electron-irradiated  surfaces,  and  their  absence  from  as-grown  and  as- 
cleaved  surfaces,  is  strong  evidence  for  chemically  reduction  of  surface  species.  The  high  electron  and 
excitation  densities  near  the  surface  during  electron  irradiation  would  naturally  provide  a  strongly  reducing 
chemical  environment.  A  reducing  environment  may  also  enhance  of  P2<V  production,  with  the 
emission  of  02.  (P207  can  also  be  produced  by  simple  heating  ) 

UV  hiser  Induced  neutral  emission.  One  might  expect  water  to  be  a  major  neutral  product  from 
hydrated  crystals.  Following  any  reasonable  pumpdown,  however,  the  H20  signals  accompanying  laser 
irradiation  at  248  nm  laser  are  barely  detectable.  The  dehydration  of  the  near  surface  region  of  the  crystal  is 
clearly  evident  in  the  background  mass  spectrum.  Thus  the  surface  is  presumably  transformed  to  CaHP04; 
this  transformation  is  supported  by  XPS  measurements  on  evacuated  brushite  samples.35  Laser-induced 
neutral  emissions  on  the  resulting  surfaces  are  difficult  to  observe  in  the  absence  of  electron-  or  laser-induced 
damage.  These  samples  do  show  weak  neutral  02  and  some  neutral  Ca.  The  latter  signal  typically  depletes 
with  repeated  laser  pulses  at  modest  fluences,  indicating  that  the  associated  defect  sites  are  destroyed  faster 
than  they  are  created  by  the  laser. 

After  electron  irradiation  at  doses  of  0.1 -2.8  C/cm2,  laser  irradiation  produces  neutral  Ca,  CaO,  02, 
P02,  PO,  and  P  emissions.  Typical  TOF  curves  for  these  emissions,  before  and  after  electron  irradiation,  are 
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shown  in  Fig.  3.  Electron  doses  and  laser  fluences  were  not  exactly  the  same  for  each  species;  at  this  stage  we 
are  most  interested  in  determining  if  the  electron  beam  influenced  the  emission  intensities  which  it  clearly 
does. 


Fig.  2.  SEM  micrographs  of  an  electron- 
irradiated  surface:  (a)  Entire 
irradiated  region,  (b)  close  up  of 
exposed  interior  material,  (c)  view 
of  recrystallized  material  at  a  still 
higher  magnification.  These  rough 
regions  are  “hot-spots”  for  both  ion 
and  neutral  emissions  due  to  high 
defect  densities. 


Neutral  Products  during  Laser  Irradiation 
be  fore  and  after  Electron  Irradiation 
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Neutral  Products  during  Laser  Irradiation 
before  and  after  Electron  Irradiation 
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Fig.  3.  Neutral  emission  time-of- 
flight  curves  before  and 
after  electron  irradiation: 

(a)  Ca,  (b),  CaO,  (c)  02,  (d) 
P02,  and  (e)  P.  Basically, 
at  this  fluence,  no  NE  is 
seen  without  electron 
bombardment. 


Electron  irradiation  increases  02  and  Ca  signals  more  than  an  order  of  magnitude  (at  the  same  laser 
fluence).  For  a  given  laser  fluences,  the  electron  dose  required  to  achieve  reasonable  neutral  Ca  signals  is 
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nearly  an  order  of  magnitude  higher  than  for  the  other  species.  The  TOF  curves  (really,  “time-of-arrival”)  for 
Ca,  CaO,  PO,  and  PO2  are  well  fit  by  Maxwell-Boltzmann  distributions.  Atomic  P  emission  curves  are 
generally  too  small  for  reliable  curve  fitting.  Curve  fits  for  the  four  significant  neutral  emissions  are  shown  in 
Fig.  4,  along  with  the  resulting  “best  fit”  temperatures.  We  wish  to  emphasize  that  on  all  ionic  crystals 
studied  to  date  in  our  laboratory,  the  neutral  products  all  exhibit  thermal  behavior  at  wavelengths 
corresponding  to  photon  energies  below  the  bandgap.  Defects  are  the  only  reasonable  absorbers  to 
initiate  such  a  process. 


Fig.  4.  Neutral  product  time-of-flight 

M3N4NM0«  1MM03W4MSM  si8naIs  from  the  same  site  and  laser 
■n-*  0»)  Ttaw  (jtg)  fluence  for  (a)  Ca,  (b)  CaO,  (c)  PO, 

and  (d)  P02.  Note  that  all  of  the  best 
fit  Maxwell-Boltzmann  distributions 
correspond  to  similar  temperatures. 
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Obviously,  die  temperature  rise  and  fall  accompanying  the  laser  pulse  is  not  constant  in  time.  If, 
however,  the  emission  mechanism  is  thermal,  the  highest  temperatures  dominate,  so  that  the  range  of 
temperatures  (and  time)  of  significant  emission  is  rather  narrow.  Consequently,  the  time  of  flight  curves  will 
correspond  to  a  8-function  in  time  and  a  single  temperature.  The  good  agreement  among  the  four 


Fig.  5.  Cones  formed  by  extensive  irradiation  of  brushite  cleavage  surfaces  by  2  keV 
electrons  (dose  =  2.5  C/cm2).  The  arrays  of  cones  tend  to  occur  in  rows  along  surface 
crystallographic  directions  and  the  cones  point  in  the  direction  of  the  incident 
electron  beam.  They  often  have  lengths  of  several  microns  and  end  in  radii  -100  nm 
or  less. 
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More  extensive  electron  beam  exposure.  By  extending  the  time  of  exposure  to  the  electron  beam  to 
several  minutes  we  found  that  the  brushite  surface  became  even  rougher.  Close  examination  of  this  surface 
showed  us  that  in  parts  of  the  surface  where  structures  were  in  poor  thermal  contact  with  the  main  crystal 
body  (overhangs  of  the  craters  and  the  platelets  grown  in  the  cavities),  high  aspect  ratio  cones  were  generated. 
Typical  images  of  these  structures  are  shown  in  Figure  5.  The  cones  are  often  2-5  microns  in  length  and  end 
with  tips  with  radii  on  the  order  of  100  run  or  less.  An  important  aspect  of  the  mechanism  for  this  cone 
formation  is  revealed  at  places  where  one  platelet  on  the  surface  partially  shields  another  from  the  electron 
beam.  Such  a  region  is  seen  in  Fig.  6.  In  the  shadow,  the  original  surface  can  be  seen  unaffected  by  the 
beam.  As  one  goes  out  from  the  shadow,  the  current  density  increases  continuously.  The  entire  exposed 
region  is  recessed  relative  to  the  unexposed  region  and  the  cones  are  seen  to  be  highest  in  the  weaker  beam 
and  lower  in  the  region  receiving  the  full  current  density.  This  proves  conclusively  that  it  is  an  etching 
process  as  opposed  to  a  growth  process. 

The  heating  of  these  structures  that  are  poorly  attached  to  the  bulk  of  the  crystal  is  also  an  important 
part  of  the  mechanism  We  hypothesized  that  the  major  etching  mechanism  is  a  thermally  assisted  electronic 
process,  namely  electron  stimulated  desorption/decomposition  (ESD).37"39  With  our  mass  spectrometer  (MS), 
we  were  able  to  measure  the  neutral  gaseous  products  generated  during  irradiation  and  found  in  decreasing 
order  of  intensity:  02,  P,  PO,  P02,  Ca,  and  P03.  Assuming  cosine  angular  distributions  for  all  of  the 
emissions,  the  MS  data  could  be  quantified  and  integrated  to  provide  a  total  loss  of  material  during  the  beam 
exposure.  Estimates  of  the  material  volume  lost  were  made  from  the  SEM  photographs,  such  as  those  above. 
Comparing  these  two  measurements  confirmed  that  the  gasification  of  the  sample  accounted  for  the  material 
missing. 


is  shielded  from  the  electron  beam  by  the  overhang  above  showing  that  cone 
formation  is  an  erosion  process  rather  than  a  growth  process,  (b)  Cone  formation  on 
a  small  flake  of  brushite  (insert  shows  an  irradiated  flake  15  microns  in  diameter) 
attached  to  a  heater.  Irradiation  was  carried  out  at  550  C;  the  dose  (and  therefore  the 
time)  required  to  produce  cones  was  ~  1/1 00  of  that  required  on  the  bulk  brushite 
surface. 

To  confirm  that  heating  was  indeed  important,  we  mounted  small  flakes  of  brushite  on  a  sample  holder  that 
could  be  heated  to  700  C.  Fig.  6(b)  shows  the  resulting  cone  formation  on  such  a  flake  (~15  microns  in 
diameter).  The  dose  used  to  generate  these  cones  was  far  smaller,  “1/100*  that  of  what  was  needed  on  the 
bulk  brushite  surface.  This  is  due  to  a  dramatic  increase  in  the  rates  of  ESD  at  externally  provided  elevated 
temperatures.  For  simpler  substrates  such  as  alkali  halides  this  thermal  aspect  is  understood  (see  below).  For 
brushite  we  are  not  yet  sure  what  the  thermally  activated  step  is  that  determines  this  behavior.  Nevertheless, 
this  simple  experiment  shows  that  steady  state  heating  leads  to  enhanced  rates  of  cone  formation.  Note  that 
again  the  direction  of  the  cone  orientation  is  towards  the  incident  electron  beam. 
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The  XPS  and  FTIR  studies  mentioned  above  suggest  that  the  outer  regions  of  these  structures  are 
reduced,  tending  towards  dehydrated  pyrophosphate.  This  material  is  more  robust  and  is  likely  to  be  more 
resistant  to  decomposition.  Furthermore,  this  happens  first  on  the  outer  most  surfaces  where  more  electron 
density  is  received. 

From  the  above  observations  we  propose  the  following  scenario  for  cone  formation: 

(a)  Initially,  ESD  on  nearly  perfect  substrate  begins  the  formation  of  point  defects; 
aggregation  of  such  defects  initiates  a  roughening  of  the  surface. 

(b)  Through  anion  decomposition,  the  material  towards  the  top  is  more  resistant  to 
decomposition  and  can  form  capstones  that  will  cause  strong  heterogeneity  in  etch  rates 
favoring  cone  formation. 

(c)  Preferential  etching  occurs  in  the  depressed  regions;  charging  of  the  top  parts  of  the 
emerging  cones  could  also  help  channel  electrons  down  into  the  regions  around  the 
cones.  Obviously,  the  direction  of  the  incoming  electrons  sets  the  preferred  regions 
that  get  etched  the  fastest,  thus  the  directionality  of  the  cones. 
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Fig.  7  The  emission  intensities  of  the  neutral  species  seen  from  cleaved  NaCl  in  ~10'7  Pa 
background  and  in  10'5  Pa  water  vapor  for  temperatures  ranging  from  300-800  C.  The 
presence  of  water  can  enhance  the  yields  by  as  much  as  a  factor  of  6.  The  other  isotope  of 
chlorine  (mass  36)  shows  similar  results  to  mass  35. 
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Adding  Water  Vapor  to  “Dry  Crystals”  Does  it  enhance  radiation  induced  decomposition?  We  now 
consider  the  influence  of  background  water  in  the  vapor  phase  during  irradiation  of  two  inorganic  crystals  not 
containing  hydrated  water,  NaCl  and  NaN03.  During  electron  beam  irradiation  at  10‘7  Pa  vs.  10'5  Pa  partial 
pressure  H20,  significant  increases  in  the  ESD  yields  for  these  two  materials  was  observed  in  the  presence  of 
water  vapor.  Because  heating  brushite  was  so  effective  in  enhancing  phosphate  decomposition,  we  also 
varied  the  temperature  of  the  crystals.  From  the  temperature  dependence  we  can  use  Arrhenius  plots  to 
determine  an  activation  energy  (EJ ,  for  each  of  the  products.  The  fits  are  surprisingly  consistent  and  yield 
the  same  value  for  all  of  the  products ,  namely  0.075  ±  0.01  eV.  Similar  measurements  of  intensity,  “wet”  and 
“dry”  and  vs.  temperature  have  been  carried  out  for  the  e-beam  products  from  NaN03  and  for  248  nm  laser 
irradiation  of  both  NaCl  and  NaN03.  For  illustration,  in  Fig.  8  we  show  the  Arrhenius  plots  for  the  laser 
induced  neutral  emissions  at  60  mJ/cm2  fluence  on  NaCl— for  all  products  and  both  wet  and  dry  we  obtain  the 
same  activation  energy  as  with  electrons:  0.075  eV.  The  NaN03  activation  energies  are  also  constant  for  all 
detected  products  and  averages  slightly  higher  than  for  NaCl,  namely  0.09  eV  ±  0.01  eV.  We  have  been  able 
to  identify  from  the  literature  a  process  that  corresponds  to  the  measured  Ea  for  NaCl,  namely  a  thermally 
activated  step  in  F-center  formation.  The  latter  consists  of  electronic  excitation  in  the  alkali  halides  in  general 
and  NaCl  in  particular  has  been  especially  well  studied.  (See  Ref.  I40]  and  references  therein.)  A  self-trapped 
exciton  at  a  Cl"  site  can  decay  to  form  an  F-center/H-center  pair  (anion  vacancy  adjacent  to  a  Cl2"  center) 

when  the  Cl°  at  the  exciton  site  hops  to  a  nearest  neighbor  Cl"  site.  This  hop  is  thermally  activated,  with  an 
activation  energy  of  0.07  eV— consistent  with  the  0.075  ±  0.01  eV  activation  energies  observed  here. 
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Fig.  8.  Arrhenius  Plots  for  the  neutral  species  from  248  nm  laser  irradiated  NaCl(100);  Fluence  was  60 
mJ/cm2. 


Finally,  we  show  an  example  in  Fig.  9  of  the  rich  topography  generated  on  NaN03  by  extensive 
electron  beam  irradiation  in  a  background  of  10-5  Pa  water  vapor.  This  surface  is  highly  light  absorbing  due 
to  its  extremely  high  torturosity  (light  cannot  make  it  back  out!).  We  call  it  our  “stealth  surface”.  Even  when 
gold  coated,  the  measured  reflectivity  in  the  electron  irradiated  region  is  near  zero  from  500  nm  down  below 
200  nm  (see  Fig.  10). 
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Fig.  9.  SEM  images  of  the  e-beam  irradiated  NaN03  surfaces  showing  the  diverse  structures 
generated  by  2  keV  electrons  (dose  ~  0.9  C/cm2  )  in  2  x  103  Pa  partial  pressure  of  water 
vapor. 
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Fig.  10.  Reflectivity  vs.  wavelength  of  the  surface  (gold  coated)  corresponding  to  the  surfaces  shown 
in  Fig.  9.  A  white  light  image  of  the  surface  is  shown  also — the  black  spot  is  the  e-beam 
irradiated  region. 


4.  CONCLUSION 

We  have  shown  how  systems  containing  water  of  hydration  (CaHP04 2H20)or  those  with  an  affinity 
for  water  (NaN03,  NaCl)  result  in  unique  interactions  with  electron  and  laser  radiation.  For  brushite,  the 
waters  of  hydration  strongly  influence  the  formation  of  voids  via  thermally  induced  segregation  of  water 
resulting  in  fracture  of  the  lattice.  These  voids  form  incubators  for  effluorescence-driven  recrystallization. 
Further  e-beam  irradiation  leads  to  nanometer  scale  cone  formation  through  extensive  ESD  driven  erosion. 

Dry  (non-hydrated)  crystals  with  some  affinity  for  water  show  dramatic  increases  in  sensitivity  to  both  e- 
beam  and  laser  irradiation  at  relatively  low  (10'3  Pa)  partial  pressures  of  water  vapor.  Simultaneously  heating 
the  crystal  enhances  this  process  for  both  types  of  radiation  and  exhibits  the  same  activation  energies  (EJ  for 
all  the  products  detected.  In  the  case  of  NaCl,  the  value  of  0.75  eV  corresponds  closely  to  the  energy  required 
for  thermally  assisted  F  Center  formation.  Structures  observed  on  these  non-hydrated  crystals  are  noteworthy 
and  span  a  size  range  from  several  microns  down  to  a  few  nm.  Accordingly,  they  form  strong  optical 
absorbers  in  the  visible  and  near  UV.  We  anticipate  in  general  to  observe  interesting  consequences  from 
continued  studies  of  combined  exposure  of  surfaces  to  radiation  and  slightly  aggressive  chemicals. 
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ABSTRACT 

With  the  widespread  application  of  excimer  lasers  for  micro-processing,  optically  transparent  materials  in  the  UV 
region  have  become  more  important  as  optical  components.  The  transparent  materials  currently  available 
commercially  are  silica  glass  and  fluoride  crystals,  CaF2  and  MgF2.  The  resistance  of  these  materials  against 
cumulative  irradiation  of  excimer  lasers  is  required  from  the  viewpoint  of  application,  and  it  is  important  to  clarify  the 
mechanism  of  the  optical  damage  on  these  materials.  In  this  paper,  we  report  the  onset  of  laser  ablation,  that  is,  the 
initiation  of  optical  breakdown  and  plume  formation,  in  CaF2  crystal  under  cumulative  irradiation  of  an  ArF  excimer 
laser.  When  the  laser  fluence  is  below  the  ablation  threshold,  a  blue  luminescence  due  to  self-trapped  exciton  is 
observed  from  the  whole  laser-irradiated  region.  When  the  fluence  is  increased  near  the  threshold,  successive 
irradiation  finally  causes  a  bright,  localized  luminescence  due  to  the  initiation  of  laser  ablation.  SEM  images  of  the 
laser-damaged  region  show  two  features:  (1)  a  small  bump  with  pits  of  the  order  of  0.1  pm  formed  by  UV  laser 
absorption  and  following  local  heating,  (2)  small  cracks  with  triangular  fragments  caused  by  mechanical  stress  under 
local  heating. 


Keywords:  CaF2,  laser  ablation,  optical  breakdown,  ArF  excimer  laser,  defect 


1.  INTRODUCTION 


UV  lasers  are  widely  applied  to  manufacturing  processes  in  micron  to  sub-micron  dimensions.  In  photolithography, 
because  the  resolution  of  the  patterning  is  proportional  to  the  wavelength  of  the  light  source,  a  light  source  with  shorter 
wavelength  is  required.  Now  a  KrF  laser  (X  =  248  nm)  is  utilized  to  a  photolithography  system,  and  the  usage  of  an 
ArF  laser  (X  =  193  nm)  and  F2  laser  (X  =  157  nm)  is  scheduled  on  the  road  map  of  the  ULSI  manufacturing  processes. 
The  importance  of  optical  materials  with  high  transmission  at  DUV  and  VUV  wavelengths  such  as  silica  glass  and 
fluoride  crystals  increases  for  optical  components,  a  photo-mask  and  an  illumination  and  projection  lens  optics. 
Though  these  optical  materials  have  high  transparency,  they  cannot  avoid  the  optical  damage  by  cumulative  irradiation 
of  UV  laser  beams  when  the  laser  fluence  is  even  below  the  damage  threshold,  which  is  known  as  incubation  effect. 
In  order  to  improve  the  resistance  of  optical  components  to  UV  laser  irradiation,  it  is  very  important  to  investigate  the 
interaction  between  the  UV  laser  and  optical  materials  and  to  clarify  the  mechanism  of  optical  breakdown  and  the  onset 
of  laser  ablation.1'17 

In  the  previous  papers,  we  investigated  the  optical  breakdown  of  NaCl  crystal  and  silica  glass  under  irradiation  of 
KrF  laser  beams.  In  this  paper,  the  onset  of  optical  breakdown  and  laser  ablation  on  the  surface  of  CaF2  single  crystal 
with  the  irradiation  of  ArF  laser  beams  is  investigated.  The  bandgap  of  the  CaF2  is  12.2  eV,  and  CaF2  shows  high 
transparency  in  the  DUV  and  VUV  region.  Optical  components  made  of  CaF2  are  widely  utilized  with  a  combination 
of  those  of  silica  glass  in  the  DUV  region  because  two  optical  materials  with  different  refractive  indices  are  necessary  to 
compensate  for  color  aberration.  Moreover,  CaF2  is  the  most  important  optical  material  for  F2  laser  optics.  Thus,  the 
irradiation  effect  of  UV  and  VUV  beams  on  CaF2  has  attracted  much  interest.8"14 
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2.  EXPERIMENTAL 


UV  grade  CaF2  crystals  were  obtained  from  Ohyo  Koken  Kogyo  Co.  The  purity  is  99.5  %  and  the  nominal  impurity 
contents  observed  by  ICP  mass  spectroscopy  are  shown  in  Table  1.  The  (111)  surfaces  of  the  crystals  were  polished  to 
the  optical  quality. 

The  experimental  setup  is  shown  in  Fig.  1.  Samples  were  mounted  in  room  air  for  the  optical  experiment.  A  pulsed 
UV  beam  at  X  =  193  nm  was  generated  with  an  ArF  excimer  laser  (Lambda  Physik  Compexl02)  whose  pulse  width  was 
20  ns.  The  laser  beam  was  passed  through  a  variable  attenuator  (Showa  Optronics  VI 93-11)  for  controlling  the  pulse 
energy,  and  focused  on  the  sample  with  a  fused  silica  lens  at  an  angle  of  about  20°  relative  to  the  sample  normal. 
Because  the  laser  beam  was  focused  tight  on  the  back  surface  of  the  transparent  sample,  optical  breakdown  and 
resulting  laser  ablation  occurred  from  the  back  surface,  and  the  luminescence  was  observed  from  the  backside.  A  spot 
size  of  the  laser  beam  was  obtained  by  observing  the  burned  pattern  on  the  sample  when  the  single  laser  pulse  was 
irradiated  with  a  fluence  much  higher  than  the  ablation  threshold. 

Time-resolved  luminescence  spectra  were  measured  with  a  gated  image-intensified  CCD  camera  (ICCD,  Roper 


Al 

Ba 

Fe 

Mg 

Sr 

24 

1 

5 

6 

150 

Table  1  Nominal  impurity  contents  detected  by  ICP  mass  spectroscopy  (in  wt.  ppm). 


Fig.  1  Experimental  setup. 
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Scientific  IMAX-512-T)  attached  to  a  spectrometer  (Acton  SpectroPro  150,  f  =  15  cm).  The  grating  with  150  grooves 
mm'1  was  used  to  acquire  spectra  with  a  wide  wavelength  range.  The  sensitivity  of  the  acquisition  system  was  not 
corrected.  The  emission  was  focused  with  an  UV-Nikkor  lens  (Nikon)  mounted  in  front  of  the  entrance  slit  of  the 
spectrometer.  A  delay  generator  (Stanford  Research  DG-535)  was  used  to  trigger  the  laser  and  the  ICCD  camera  with 
an  adjusted  timing.  For  the  measurement  of  luminescence  images,  the  UV-Nikkor  lens  was  replaced  with  an  objective 
lens  for  higher  magnification,  and  the  image  was  acquired  with  the  ICCD  camera.  The  working  distance  was  about  6 
cm.  After  the  laser  experiment,  the  samples  were  Au  coated  and  the  laser-damaged  regions  were  observed  with  a 
secondary  electron  microscope  (SEM). 


3.  RESULTS  AND  DISCUSSION 


Fig.  2  Fluence  dependence  of  luminescence  spectra  in  CaF2  single  crystal  under  ArF  laser  irradiation. 


Figure  2  shows  fluence  dependence  of  luminescence  spectra  in  CaF2  under  irradiation  of  ArF  laser  pulses.  The  ICCD 
camera  was  triggered  50  ns  after  the  rise  of  the  laser  pulse,  and  the  acquisition  time  was  set  to  100  ns.  When  the 
fluence  is  below  ablation  threshold,  a  broad,  blue  emission  band  centered  at  290  nm  appears  and  grows  with  the 
increment  of  the  fluence.  Another  broad,  red  emission  band  is  an  artifact,  the  second  order  line  of  the  blue  band. 
Time-resolved  measurement  shows  that  the  blue  band  decayed  in  the  order  of  microseconds.  This  emission  band  can 
be  assigned  to  relaxation  luminescence  of  the  self-trapped  exciton  (STE).13’ 14  By  band-to-band  excitation,  an  electron- 
hole  pair  is  created,  and  the  strong  interaction  of  the  electron-hole  pair  results  in  the  STE  formation.  Because  the 
bandgap  of  CaF2  is  12.2  eV,  at  least  two  photons  of  X  =  193  nm,  i.  e.  hv  =  6.4  eV,  are  necessary  for  the  band-to-band 
excitation  and  STE  formation.  The  possibilities  are  (1)  two-photon  absorption  and  (2)  defect-mediated  two-step 
absorption.  The  blue  emission  band  due  to  STE  was  not  observed  by  KrF  laser  irradiation.  This  is  because  the 
photon  energy  of  the  KrF  beam  is  5.0  eV,  and  the  energy  of  the  two  photons  is  still  below  the  bandgap,  12.2  eV,  and  the 
efficiency  of  the  three-photon  process  is  negligibly  small  under  nanosecond  laser  excitation. 

When  the  fluence  is  increased  above  the  threshold,  a  localized  luminescence  starts  to  be  observed  with  the  naked  eye, 
and  several  sharp  lines  are  overlapped  to  the  broad  STE  emission  band  in  the  emission  spectra,  characteristic  of  a 
plasma  associated  with  the  surface  optical  breakdown.2, 3’ 6’ 7  The  sharp  lines  situated  at  424,  431,  446,  459,  535,  560 
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Fig.  3  Luminescence  images  of  CaF,  by  successive  irradiation  often  ArF  laser  pulses  at  6.7  J  cm'2  and  another  pulse  at  7.9  J  cm'2. 

and  647  nm  are  assigned  to  the  excited  neutral  Ca  atom  luminescence,  and  the  line  at  624  nm  is  due  to  excited  neutral  F 
atom.  These  atomic  lines  are  generated  by  the  collisions  between  the  electrons  and  ground  state  Ca  and  F  atoms  in 
the  plume.  ’  The  line  luminescence  intensity  increases  rapidly  with  the  progress  of  the  optical  damage  on  the  CaF2 
surface.  Time-resolved  measurement  shows  that  the  line  luminescence  decays  in  the  order  of  several  microseconds, 
similar  to  the  case  of  NaCl  and  silica  glass.  This  means  that  the  expansion  and  cooling  of  the  plasma  in  CaF2  takes 
several  microseconds  in  the  atmospheric  conditions. 
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Next,  imaging  of  the  luminescence  under  cumulative  irradiation  of  the  ArF  laser  pulses  was  executed.  Up  to  ten  laser 
pulses  were  irradiated,  and  luminescence  image  for  each  irradiation  was  acquired.  Then,  the  fluence  was  increased 
and  the  same  procedure  was  repeated  until  the  optical  breakdown  was  observed.  The  ICCD  camera  was  triggered  1 00 
ns  after  the  rise  of  the  laser  pulse,  and  the  acquisition  time  was  set  to  100  ns.  The  result  is  shown  in  Fig.  3.  The 
image  of  the  bulk  luminescence,  a  blue  emission  due  to  STE  is  observed  from  the  ArF-laser-irradiated  region. 
Besides,  when  the  fluence  is  increased  to  6.7  J  cm'2,  a  localized  luminescence  due  to  plume  appears  on  the  first  pulse, 
disappears  on  the  second  pulse,  and  reappears  and  continues  from  the  third  pulse.  Appearance  and^ disappearance  of 
the  localized  luminescence  was  also  observed  in  NaCl  and  silica  glass  under  KrF  laser  irradiation,  though  the 
increase  of  the  localized  luminescence  intensity  by  successive  irradiation  is  much  slower  in  CaF2  crystal.  We  attribute 
the  localized  luminescence  to  micro-plasmas  formed  when  near-surface  defective  regions  are  strongly  excited  by  the 
laser,  and  micro-plume  formation  apparently  removes  defective  material  and  possibly  reconstructs  nearby  atoms  on  the 
surface  region,  resulting  in  the  depletion  of  the  emitting  sites.  Further  irradiation  of  one  more  laser  pulse  at  7.9  J  cm 
generates  much  brighter,  localized  emission  due  to  plume,  the  onset  of  strong  laser  ablation.  Figure  4  shows  the  SEM 
images  of  the  laser-damaged  region  in  Fig.  3  with  different  magnifications.  There  exist  many  fragments  of  several 


Fig.  4  SEM  images  of  the  laser-damaged  region  in  Fig.  3. 
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7.8  J  cm-2,  1st  ■  7.8  J  cnr2,  2IldM  7.8  J  cm-2,  3rd 


7.8  J  cnr2,  4th  ■  7.8  J  cnr2,  5th ■  7.8  J  cnr2,  6th 


1mm 


Fig.  5  Luminescence  images  of  CaF2  by  successive  irradiation  of  six  ArF  laser  pulses  at  7.8  J  cm"2. 


Fig.  6  SEM  image  of  the  laser-damaged  region  corresponding  to  localized  luminescence  in  Fig.  5. 


micrometers  with  a  triangular  shape.  This  structure  was  also  observed  when  the  CaF2  surface  was  severely  damaged 
by  successive  irradiation  of  KrF  laser  pulses,  and  E.  Matthias’s  group  also  reported  the  same  structure  on  the  damaged 
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surface  by  single-shot  irradiation  of  KrF  laser  pulse  with  a  fluence  much  higher  than  the  damage  threshold.9'11  By  UV 
laser  absorption  and  following  local  heating,  large  mechanical  stress  is  induced  and  causes  fracture  along  the 
crystallographic  axes,  and  the  spallation  of  the  surface  layer  occurs. 

Figure  5  shows  luminescence  images  acquired  by  sequential  irradiation  of  six  ArF  laser  pulses  at  7.8  J  cm  .  On  the 
sixth  pulse,  a  localized  luminescence  due  to  micro-plume  is  observed.  Figure  6  shows  the  SEM  image  of  the  laser- 
damaged  region  corresponding  to  the  localized  luminescence.  Because  no  more  irradiation  was  executed  after  the 
appearance  of  the  first  localized  luminescence,  the  damage  on  the  surface  was  not  severe.  A  round  bump  of  several 
micrometers  with  wrinkles  is  observed,  and  there  are  several  small  pits  of  the  order  of  hundred  nanometers  around  the 
bump.  The  former  should  be  due  to  thermal  expansion  of  the  locally  heated  area  by  UV  laser  absorption,  and  the  small 
pits  should  be  caused  by  vaporization  of  particles  near  the  surface  region  by  local  heating,  similar  to  the  case  of  silica 
glass  under  irradiation  of  KrF  laser  beams.  The  laser  damage  initiates  with  a  small  bump  due  to  thermal  expansion, 
and  still  further  UV  irradiation  enhances  thermal  stress  and  finally  causes  fracture  along  the  crystallographic  axes,  and 
resulting  spallation  of  the  surface  layer  as  shown  in  Fig.  4. 


4.  CONCLUSION 


When  a  pulsed  beam  of  the  ArF  excimer  laser  is  irradiated  cumulatively  to  a  polished  (111)  surface  of  CaF2  single 
crystal,  in  addition  to  a  blue  photoluminescence  due  to  relaxation  of  the  STE,  a  localized  luminescence  due  to  laser 
ablation  in  the  surface  region  occurs.  The  localized  luminescence  shows  line  spectra  of  Ca  and  F  atoms,  excited  by 
collision  with  electrons  in  the  plume.  At  the  onset  of  optical  breakdown  on  the  surface,  the  laser-damaged  surface 
shows  a  small  bump  with  several  pits  of  the  order  of  0.1  pm,  reflecting  the  effect  of  local  heating  by  UV  laser 
absorption.  In  case  of  severe  damage  with  successive  irradiation  after  the  onset  of  optical  breakdown,  a  large  damaged 
area  is  observed  with  many  triangular  fragments  of  several  micrometers,  caused  by  the  mechanical  stress  and  spallation 
of  the  surface  layer  by  local  heating. 
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ABSTRACT 

We  have  developed  a  new  visualization  technique  named  as  re-decomposition  laser-induced  fluorescence  (ReD- 
t.tf)  in  order  to  investigate  the  dynamics  of  clusters,  which  are  difficult  to  be  visualized  by  any  other  means.  In  the 
ReD-LIF  technique,  clusters  or  nano-particles  synthesized  in  the  laser  ablation  plume  are  decomposed  by  laser 
irradiation  and  the  atoms  generated  by  the  decomposition  are  visualized  by  LIF.  This  technique  is  very  sensitive  than 
the  other  visualization  technique,  because  we  can  use  the  sensitive  LIF  technique.  Decomposition  of  nano-particles  by 
die  laser  irradiation  is  considered  theoretically  and  the  characteristics  of  ReD-LIF  technique  are  compared  with  other 
visualization  techniques  such  as  laser-induced  fluorescence  (LIF)  and  Rayleigh  scattering.  The  ReD-LIF  technique 
has  been  applied  for  the  visualization  of  the  Si  nano-particle  synthesis  process.  Based  on  the  results,  the  particle 
dynamics  in  the  ablation  plume  generated  in  the  background  gas  during  Si  nano-particle  synthesis  are  described  besides 
the  basic  characteristics  of  the  ReD-LIF  signal. 

Keywords:  Nano-particles,  laser  ablation,  imaging,  decomposition,  laser-induced  fluorescence,  Rayleigh 
scattering 


1.  INTRODUCTION 

T  asfr  ablation  in  a  background  gas  has  been  widely  used  to  synthesize  the  nanoparticle  [1,2]  and  nano-composite 
thin  films  [3,4].  In  order  to  understand  the  synthesis  process  of  the  nano-particles,  the  particle  dynamics  in  the  lasr 
ablation  plume  has  been  extensively  studied  experimentally  or  theoretically.  Muramoto  et  al.  applied  imaging 
spectroscopic  techniques  based  on  laser-induced  fluorescence  (LIF)  and  Rayleigh  scattenng  (RS)  for  the  visualization 
of  the  particle  behavior  in  the  ablation  plume  during  Si  nano  particle  synthesis.  They  found  that  Si  atoms  started  to 
disappear  in  the  central  part  of  the  plume  0.1-0.2  ms  after  ablation  in  10  Torr  He  and  the  Si  dimmers  were  observed  at 
the  same  stage  [6,7],  Murakami  et  al.  tried  to  detect  Si  nanoparticles  by  X-ray  absorption  spectroscopy  [8],  More 
recently  Geohegan  et  al.  applied  photoluminescence  technique  (PL)  to  image  Si  nanoparticles  that  were  synthesized  and 
suspended  in  the  plume  [9].  They  found  as  reported  by  Muramoto  et  al.  that  on-set  times  for  nanoparticle  formation 
after  pulsed  laser  ablation  were  0. 15-0.2  ms  in  10  Torr  He  and  3  ms  in  1  Torr  Ar.  Makimura  et  al.  also  observed  the 
growing  Si  nanoparticles  in  time  period  of  0.6-1 .0  ms  after  ablation  by  a  newly  developed  plasma  emission  from  laer- 
decomposed  nanoparticles  [10], 

On  tiie  other  hand,  Luk’yanchuk  and  Marine  claimed  based  on  a  theoretical  consideration  that  the  nanoparticles 
are  formed  around  a  few  ps  after  ablation  [11],  and  pointed  out  the  limitations  in  the  measurements  of  small  nano¬ 
particles  in  the  earlier  stage  of  the  condensation.  For  instance,  RS  is  not  so  sensitive  to  detect  the  nanoparticles  of  less 
than  1  nm  in  diameter,  because  the  RS  signal  depends  on  the  6th  power  of  the  diameter.  Therefor.e  the  on-set  time  for 
nanoparticle  formation  can  not  be  discussed  based  on  RS  data.  Thus,  there  are  two  or  three  orders  of  discrepancy  in 
the  on-set  time  for  nanoparticle  formation  after  laser  ablation  in  a  background  gas.  In  order  to  clarify  the  onset  of  the 
clustering,  it  is  essential  to  develop  a  new  sensitive  method  which  can  detect  the  onset  of  the  clustering. 

In  this  paper,  we  describe  the  development  of  a  new  imaging  technique,  named  as  ReD-LIF  (Re-Decomposition 
laser-induced  fluorescence),  for  the  visualization  of  nanoparticles  (hereafter  we  call  them  as  clusters),  which  are 
difficult  to  be  visualized  by  RS  and  LIF.  First,  we  consider  the  response  of  the  nano-particles  irradiated  by  a  laser 
beam  and  estimate  the  laser  energy  required  for  the  decomposition  of  the  particles,  then  the  ReD-LIF  technique  has 
been  applied  to  the  diagnostics  of  the  formation  process  of  Si  nanoparticles  and  the  results  are  compared  with  the 
previous  LIF  and  RS  results.  The  particle  dynamics  during  nanoparticle  formation  under  various  conditions  are 
discussed  based  on  the  imaging  ReD-LIF  diagnostics. 
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2.  REDECOMPOSITION  LASER-INDUCED  FLUORESCENCE 

A  new  imaging  technique  for  dusters,  named  as  re-decomposition  Lff  (ReD-LIF),  has  been  developed.  In  Red- 
LIF,  clusters  formed  in  the  ablation  plume  are  re-decomposed  by  a  laser  beam,  and  then  the  atoms  generated  by  the  re¬ 
decomposition  of  the  dusters  are  visualized  by  an  imaging  LIF  technique.  That  is,  the  spatial  distributions  of  clusters 
are  visualized  by  imaging  those  atoms  that  are  generated  from  clusters.  In  this  section,  we  consider  the  detection  of 
dusters  or  nano-particles  by  various  methods. 

2.1  Decomposition  of  particles 

When  the  particles  with  diameter  of  dp  are  irradiated  by  a  laser  beam,  the  following  relationship  can  be 
established  based  on  the  energy  conservation  [12], 

o.  is  the  absorption  cross  section  of  the  particles  and  I(t)  is  the  pulse  shape  of  the  power  flux  of  the  laser  beam.  The 
left  hand  side  of  Eq  (1)  stands  for  the  heating  of  the  particle  by  the  laser  beam.  The  first  term  in  the  right  hand  side  of 
Eq.(l)  is  the  cooling  by  the  thermal  conduction  to  the  surrounding  gas,  the  second  term  is  the  loss  due  to  the  melting 
and  evaporation,  the  third  term  is  the  radiation  cooling  by  the  black  body  radiation  and  the  forth  term  is  the  heating  of 
the  partide  itsdf.  A  is  the  generalized  thermal  conduction  constant.  T  and  T0  are  the  temperatures  of  the  particle  and  the 
surrounding  gas,  respectively.  AH  is  the  specific  energy  for  evaporation  and  melting.  M  is  the  molecular  weight,  dm/dt 
is  tire  decrease  of  mass  by  evaporation,  ®(X)  is  the  emissivity,  M(T,X)  is  the  irradiance  of  the  black  body  radiation,  p' 
and  C,  are  the  density  and  the  specific  heat,  respectively. 

From  eq.  (IX  we  can  estimate  an  laser  energy  E»  which  is  required  to  completely  vaporize  the  particle,  assuming 
that  the  heat  conduction  and  the  thermal  radiation  can  be  neglected  during  the  vaporization  process  Since  dm/dt=- 
xpdj,  16,  E»  is  given  by 

Evi-4r{c(Tv-To)+f}  (2) 

o,  is  approximately  given  by 
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where  X,  is  the  wavelength  of  the  laser  beam  and  n  is  the  complex  refractive  index  [13],  Inserting  the  numerical 
constants  for  Si  in  Eqs.  (2)  and  (3),  we  obtain  Ev±?30  mJ/cm2  and  independent  of  the  diameter  in  our  present  rough 
estimation.  For  the  smaller  dusters  of  less  than  10  nm  in  diameter,  however,  melting  and  vaporization  temperatures 
decrease  as  the  partide  becomes  smaller  [14,15],  Therefore,  less  energy  may  be  suffident  for  those  particles 
compared  to  that  given  Eq.  (2). 

12  Evaluation  of  signals  for  partide 

Next  let’s  evaluate  the  signal  intensities  which  are  expected  for  the  different  detection  schemes.  The  detection 
schemes  used  widely  for  nano-particle  measurements  are  the  Rayleigh  scattering  and  the  laser-induced  incandescence 
(LI1).  In  the  Rayleigh  scattering,  the  total  scattering  energy  is  proportional  to  o,NpEo,  where  o,  is  the  scattering  cross 
section,  Np  is  the  number  density  of  the  nano-particles  and  Eo  is  the  energy  flux  of  the  probe  laser,  a,  is  amplified  as 
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In  the  case  of  laser  ablation,  furthermore,  the  total  density  of  atoms  which  builds  up  the  nano-particle  is  kept  constant. 
Therefore,  the  following  relation  can  be  derived  for  the  atomic  number  density  and  the  particle  number  density.  That 


is 
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where  N  is  the  atomic  number  density,  NA  is  Avogadro  number  and  n  is  the  number  of  atoms  which  are  contained  in  die 
particle.  Thus  the  Rayleigh  signal  intensity  <£>r  is  proportional  to  the  following  equation,  in  neglecting  the  spatial 
distribution  of  the  scattered  light. 
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In  order  to  evaluate  the  LII  signal,  the  temporal  change  of  the  particle  temperature  should  by  analyzed  based  on  Eq. 
(1).  However,  we  simply  analyze  the  upper  most  value  of  the  ILL  signal.  The  total  black  body  radiation  power  <t>ni  is 
giver  by 
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where  e  is  the  emissivity  of  the  particle  and  is  approximated  by  4cr«/jtdp2,  0®  is  the  Stephan-Boltzmann  constant,  T  is 
the  peak  temperature  which  is  obtained  from  Eq.  (2)  and  At  is  the  observation  time  period.  As  mentioned  above,  eq. 
(7)  gives  the  upper  most  value,  since  only  the  limited  band  width  is  observed  and  time  averaged  temperature  is  lower 
than  that  used  in  Eq.  (7). 

In  ReD-LIF,  on  the  other  hand,  the  total  signal  is  equal  to  that  of  laser-induced  fluorescence  from  the  atomic 
density  of  N,  asgmwing  the  particles  are  fully  decomposed.  Under  saturated  excitation  condition  for  LIF,  the  total 
fluorescence  signal  is  simply  given  by 

<Iy=fNhv/2  (8) 

Where  f  is  the  fraction  of  the  atomic  number  density  in  the  lower  energy  sub-level  hv  is  the  photon  energy  at  the 
observation  wavelengh.  We  assumed  that  half  of  the  atoms  in  the  sub-level  are  excited  due  to  the  saturated  excitation. 
Eqs.  (6),  (7)  and  (8)  were  evaluated  using  the  physical  parameters  of  Si  and  Eo=30  mJ/cm2. 

The  results  are  summarized  in  Fig.  1.  ReD-LIF  signal  is  basically  independent  of  the  particle  size  under  full 
decomposition.  ILL  signal  is  also  independent  of  the  particle  size  under  the  present  simplified  model  and  a  constant 
probe  laser  fluence.  Rayleigh  scattered  signal  is  proportional  to  the  third  power  of  the  particle  diameter.  The 
g^attoring  cross  section  itself  is  proportional  to  the  six  power  of  the  diameter  as  shown  in  Eq.  (4),  but  the  present  result 
is  due  to  the  constriction  that  the  number  of  atoms  is  kept  constant.  Thus  ReD-LIF  signal  is  the  most  sensitive  method, 
especially  for  smaller  particles. 


3.  DETECTION  OF  PARTICLE  BY  RED-LIF 


3.1  Experimental  setup 

The  experimental  setup  used  for  a  ReD-LIF  imaging  of  laser  ablation  plume  is  depicted  in  Fig.  2  and  almost  similar  to 
that  of  LIF  and  RS  imagings  [6,7].  In  this  study,  a  Si  wafer  was  ablated  by  a  KrF  laser  in  a  variety  of  background  gases. 
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In  tiie  case  of  LIF  imaging,  the  generated  Si  atoms  were  excited  via  the  Spfy  -  4s3P2  transition  at  250.69  nm  with  a 
sheeted  probe  laser  beam,  which  was  delivered  from  a  frequency-doubled  optical  parametric  oscillator  (OPO)  The 
fluorescence  from  the  excited  Si  atoms  was  captured  by  an  image-intensified  and  time-gated  CCD  camera  and  stored  in 
a  computer.  Using  the  same  setup  as  LEF  imaging,  Rayleigh  scattered  image  from  nanoparticles  were  observable. 
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Fig.  1  Signal  level  from  different  detection  schemes  of  ReD-LIF,  Rayleigh  scattering  and  lmer 
induced  incandescence. 
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Fig.  2  Experimental  setup  for  ReD-LIF  imaging 
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The  time  evolutions  of  Si  atomic  plume  and  nanoparticles  were  measured  by  changing  the  delay  time  between  the  KrF 
laser  and  the  OPO  laser. 

In  the  case  of  ReD-LIF,  the  plume  was  irradiated  by  a  sheeted  decomposition  laser  beam  from  a  XeCl  laser  and 
the  Si  atoms  generated  by  the  decomposition  of  clusters  were  detected  by  a  photo-multiplier  tube  or  visualized  by  the 
LBF  Paging  system  as  described  above.  It  was  confirmed  that  the  time  delay  between  the  decomposition  and  the  LIF 
imaging  was  less  than  10  ps,  the  spatial  distribution  of  visualized  Si  atoms  was  equivalent  to  that  of  clusters  [16].  The 
temporal  behavior  of  clusters  was  observed  by  changing  the  delay  time  between  the  KrF  laser  for  ablation  and  the  XeCl 
laser  for  decomposition,  while  keeping  the  delay  time  between  the  XeCl  laser  and  OPO  laser  for  LIF  at  10  ps. 

3.2  Detection  of  nano-particles  by  ReD-LIF 

Red-LIF  signals  were  measured  as  a  function  of  decomposition  laser  fluence,  as  shown  in  Fig.  3  In  this  case.  Si 
nano-particles  formed  in  a  He  background  gas  at  10  Torr  was  decomposed  by  a  XeCl  excimer  laser  beam  1  ms  after 
ablation  and  the  generated  Si  atoms  were  detected  by  LIF.  Under  these  experimental  conditions,  nano-particles  could 
also  be  detected  by  Rayleigh  scattering  caused  by  the  probe  laser  beam  for  LIF.  The  Rayleigh  signal  level  is  indicated 
in  Fig.  3  as  a  dotted  line.  When  the  fluence  of  the  decomposition  laser  was  below  10  mJ/cm  ,  only  the  Rayleigh 
scattered  signal  was  observed.  The  ReD-LIF  signal  became  observable  when  the  fluence  of  the  decomposition  laser 
increased  above  10  mJ/  cm2.  Above  200  mJ/cm  ,  the  ReD-LIF  signal  was  tending  to  saturate,  indicating  that  the  nano¬ 
particles  were  fully  decomposed.  Although  this  value  is  larger  than  the  value  of  30  mJ  as  estimated  in  Sec.  2.1,  this 
may  be  because  of  the  thermal  loss  term  of  the  heat  conduction  that  was  neglected  in  eq.  (2). 


Fig.  3  ReD-LIF  signals  as  a  function  of  the  fluence  of  the  decomposition  laser. 


3.  Imaging  ReD-LIF 

In  order  to  demonstrate  the  ability  of  the  ReD-LIF  technique,  the  initial  stage  of  the  condensation  of  Si  atoms  in 
the  laser  ablation  plume  was  visualized  by  the  conventional  LIF  and  the  newly  developed  ReD-LIF  techniques.  The 
ablation  was  performed  in  a  He  background  gas  at  10  Torr.  Spatial  distributions  of  Si  atoms  and  clusters  at  different 
moments  after  ablation  were  visualized  by  LIF  in  Fig.  4  (a)  and  by  ReD-LIF  in  Fig.  4  (b).  In  each  picture,  the  Si  target 
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was  placed  at  the  top  and  the  KrF  excimer  laser  hit  the  target  from  the  downward.  The  scales  on  the  left-hand  side 
indicate  the  distance  from  the  target  surface.  The  numbers  shown  in  pictures  indicate  the  time  after  ablation  in 
seconds  when  LIF  imaging  or  the  decomposition  was  performed.  In  Fig.  4,  images  from  20  ps  to  300  ps  after  ablation 
are  presented.  During  this  time  stage,  the  shock  propagation  is  already  finished  and  the  diffusion  is  dominant. 

In  LIF  images,  it  can  be  seen  that  Si  started  to  disappear  around  200  ps  after  ablation  in  central  part  of  the  plume 
and  also  near  the  target  surface.  This  dark  hole  grew  gradually  with  time  and  spread  over  whole  plume  At  1  3  ms 
after  ablation.  Si  atoms  almost  disappeared  and  the  Rayleigh  scattered  images  of  well-grown  nano-particles  became 
observable,  as  already  reported  in  [4],  In  ReD-LIF  images,  similar  images  as  observed  by  LIF  were  observed  until  240 
ps  after  ablation.  However,  at  250  ps  after  ablation.  Si  atoms  generated  by  decomposition  became  observable  in  the 
dark  hole  where  Si  disappeared  in  Lff  images,  indicating  the  presence  of  clusters.  Signals  from  the  decomposed  Si 
atoms  became  strong,  dearly  indicating  die  growth  of  clusters.  It  has  been  dearly  demonstrated  that  the  ReD-LIF 
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Fig.  4  LIF  imaging  (upper)  and  ReD-LIF  imaging  (lower)  of  Si  plume  in  10  Torr  He.  It  can  be  seen  in  LIF 
mi^es  that  Si  started  to  disappear  around  200  ps  after  ablation  in  central  part  of  die  plume.  In  ReD-LIF 
Si  atoms  generated  by  decomposition  can  be  observed  in  the  hole  where  Si  disappeared  in  LIF  images, 
the  presence  of  clusters. 
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technique  can  visualize  the  small  nano-particles  which  could  not  be  visualized  by  any  other  method. 

It  is  very  int«r<»gtitig  to  know  how  small  clusters  can  be  visualized  by  the  ReD-LIF  imaging.  Unfortunately,  we 
have  no  direct  experimental  result.  According  to  the  previous  experimental  results,  where  Si2  molecules  produced  by 
the  clustering  of  Si  atoms  were  detected  under  similar  experimental  conditions,  Si2  density  started  to  increase  around 
200  ps  after  ablation.  After  it  was  peaked  at  260  ps  after  ablation,  Si2  signal  rapidly  decreased  within  30  ps  and 
almost  disappeared  300  ps  after  ablation.  This  indicates  that  Si2  molecules  are  converted  into  larger  Si-containing 
molecules  by  the  cascaded  clustering  reaction  with  a  growth  time  of  several  tens  of  microseconds.  In  Figs.  4  (a)  and 
(b).  Si  atoms  started  to  decrease  200  ps  after  ablation  and  this  is  well  corresponding  to  the  time  history  of  the 
appearance  of  Si2  molecules.  In  ReD-LIF,  on  the  other  hand,  no  difference  was  observed  compared  with  LIF  images 
until  the  clusters  became  observable  at  250  ps  after  ablation.  Therefore,  it  is  obvious  that  ReD-LIF  can  not  visualize  Si2 
molecules,  but  can  visualize  the  molecules  produced  by  the  cascaded  clustering  of  Si2,  those  may  be  produced  by 
Si+Si2+M-*Si3+M  or  Si2+Si2+M-*Si4+M  where  M  is  the  third  collision  partner.  The  reason  why  ReD-LIF  cannot 
detect  Si2  molecules  is  as  follows.  The  resonance  absorption  line  of  Si2  molecules  is  too  sharp  to  be  accidentally 
excited  by  the  XeCl  laser  which  was  used  to  decompose  the  clusters  in  the  present  experiment.  However,  the 
absorption  line  of  Si3  is  already  diffusive  so  that  it  became  possible  to  excite  the  clusters  accidentally  by  the  XeCl  laser. 
Furthermore  the  absorption  spectra  were  almost  continuum  in  the  visible  and  ultra-violet  spectral  regions  for  Si„  (n>21) 
[17].  In  conclusion,  we  believe  that  ReD-LIF  with  a  XeCl  laser  as  a  decomposition  laser  could  visualize  the  Si 
containing  molecules  of  larger  than  Si3  or  Si4. 

5.  APPLICATION  OF  RED-LIF 

Using  the  ReD-LIF  technique,  we  can  observe  the  clusters  in  the  laser  ablation  plume  from  an  initial  stage  of 
clustering.  In  this  section,  the  initial  stage  of  the  clustering  process  in  different  background  gas  is  visualized  by  ReD- 
LIF.  Figure  5  shows  the  temporal  behavior  of  the  Si  ablation  plume  in  an  Ar  background  gas  of  10  Torr.  The 


Fig.  5  Si  plume  in  10  Toit  Ar  background  gas.  (a)  LIF  and  (b)  ReD-LIF.  The  delay  time  is  given  at  the 
bottom  of  each  picture.  Scales  on  the  left  hand  side  is  in  mm. 
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arrangement  of  the  figure  is  the  same  as  that  in  Fig.  4.  The  conventional  LIF  images  are  shown  in  (a)  and  the  ReD-LIF 
in  (b).  In  an  At  background  gas,  the  onset  time  of  the  clustering  is  started  around  300  ps  after  ablation  and  is  delayed 
compared  to  that  in  He  gas.  The  clustering  started  near  the  target  surface  in  contrast  with  the  case  in  He  where  the 
clustering  started  in  the  center  of  the  plume,  as  shown  in  Fig.  4. 

Figures  6  (a)  and  (b)  show  the  behavior  of  Si  atoms  and  the  clusters  in  a  Ne  background  gas  at  10  Torr.  The 
clustering  behavior  was  very  similar  to  that  in  an  Ar  background  gas.  The  clustering  started  at  about  300  ps  after 
ablation  and  near  the  target  surface.  The  clustering  behavior  in  a  N2  background  gas  is  shown  in  Figs.  7  (a)  and  (b). 
In  a  N2  background  gas,  the  clustering  was  largely  delayed  than  in  rare  gases  and  started  at  about  800  ns  after  ablation. 
The  reason  is  not  clear,  but  the  reactivity  between  Si  and  N2  could  have  introduced  a  different  way  of  clustering.  In 
die  case  of  background  gas2.  Si  atoms  disappeared  quickly  due  to  rapid  oxidation 

Based  on  die  ReD-LIF  imaging  in  different  background  gases  [18],  the  on-set  time  of  the  cluster  formation  and 
die  appearance  time  of  ReD-LIF  signal  are  summarized  in  Table  I.  The  growth  rate  from  Si2  molecules  to  Si3  or  Su 
molecules  can  be  estimated  as  a  time  delay  between  the  on-set  time  of  the  cluster  formation  and  the  appearance  time  of 
ReD-LIF  signal.  In  the  case  of  rare  gases,  the  on-set  time  and  the  growth  rate  is  faster  in  a  He  background  gas  than  in 
Ne  and  Ar  background  gases.  We  believe  that  this  is  due  to  the  lower  viscosity  of  He  gas  than  those  of  Ar  and  Ne.  It 
is  thought  that  the  gas  flow  into  the  plume  along  the  target  surface  accelerates  the  clustering. 


Fig.  6  Si  plume  in  10  Torr  Ne  background  gas.  (a)  LIF  and  (b)  ReD-LIF.  The  delay  time  is  given  at  the 
bottom  of  each  picture.  Scales  on  the  left  hand  side  is  in  mm. 
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Table  I  On-set  time  of  the  cluster  formation  and  the  appearance  lime  of 
ReD-LIF  signal  in  various  background  gases. 


BactooiadGas 


On-set  time  of  clustering 

Appearance  of  ReD-LIF  Signal 
( Clusters  >  Si„  n=3 ) 

0.2  ms 

0.25  ms 

0.27  ms 

0.41  ms 

0.3  ms 

0.44  ms 

0.7  ms 

1.22  ms 
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4.  CONCLUSION 


We  have  developed  a  new  visualization  technique  named  as  re-decomposition  laser-induced  fluorescence  (ReD-LIF), 
in  order  to  investigate  the  dynamics  of  clusters,  which  are  difficult  to  be  visualized  by  any  other  means.  The  sensitivity 
of  the  ReD-LIF  technique  was  theoretically  compared  with  the  other  methods  such  as  Rayleigh  scattering  and  laser- 
induced  incandescence.  The  results  show  that  the  ReD-LIF  technique  is  the  most  sensitive  for  the  smaller  clusters  and 
only  die  fluence  of  several  tens  of  mJ/cm2  is  enough  to  decompose  the  nano-particles.  The  ReD-LIF  technique  has 
seen  applied  for  the  visualization  of  Si  nano-particle  synthesis  process  in  a  laser  ablation  plume.  It  is  believed  that  the 
ReD-LIF  technique  is  as  sensitive  as  to  detect  the  Si  containing  molecules  of  larger  than  Si3  or  Si4.  The  present 
technique  could  be  applied  to  other  processing  systems  like  dust  formation  in  a  plasma  and  to  other  nano-particles 
which  contain  the  atoms  that  can  be  observed  by  LIF. 
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ABSTRACT 

The  experimental  studies  of  laser-induced  plasma  accompanying  the  laser  ablation  of  materials  have  been  conducted  with 
the  developed  shadow-interferometric  technique.  High  intensity  single  picosecond  pulses  of  YAP:Nd  laser  (X=1078  nm) 
were  applied  to  ablate  tested  samples  and  time-delayed  probing  pulses  of  second  harmonic  (k= 539  nm)  illuminating  the 
interaction  area  were  used  to  make  snap-shots  of  the  expanded  plasma  plume.  Both  shadow  and  interferometric  images  of 
hot  plasma  were  captured  simultaneously  with  a  CCD  camera  providing  =1.5  micron  spatial  and  slO  ps  temporal  resolution 
of  the  investigated  processes.  By  varying  the  intensity  of  ablating  pulses  (in  the  range  of  5-  1013-s-5- 101  W/cm )  and  the  time- 
delay  of  probing  pulses  (in  the  ps  range)  it  was  possible  to  study  a  highly  inhomogeneous  small-scaled  plasma  density  and 
refractive  index  distribution  within  the  plume.  The  longer  (nano-subnanosecond)  time-delays  allowed  study  of  laser-initiated 
shock  wave  expansion  in  the  surrounding  atmosphere.  A  special  attention  was  paid  to  the  plasma  formation  arising  at  a 
through-hole  laser  drilling  process.  The  strong  influence  of  laser  breakdown  of  the  ambient  gas  (air)  and  laser-ignited 
explosion  of  clusters  of  ablated  material  on  the  efficiency  of  the  drilling  process  was  observed.  In  particular,  it  was  shown 
that  the  cluster  explosion  can  efficiently  block  the  laser  radiation  resulting  in  decreasing  the  ablation  rate.  A  computer 
modeling  of  optical  visualization  of  small-scale  plasma  objects  has  been  conducted.  The  analysis  of  the  experimental  and 
numerical  results  has  revealed  a  number  of  characteristic  features  of  plasma  images  that  should  be  taken  into  account  at  the 
qualitative  and  quantitative  evaluations  of  the  plasma  parameters. 

Keywords:  laser  ablation,  picosecond  pulses,  laser  plasma,  interferometry,  shadowgraphy 

1.  INTRODUCTION 

For  years,  the  role  of  plasma  in  laser  ablation  of  materials  is  the  topic  being  widely  discussed.  Arising  in  the  vicinity  of 
laser-matter  interaction  area  dense  and  hot  plasma  strongly  influences  the  laser  ablation  process.  On  one  side,  it  can 
effectively  absorb  and  reflect  the  incident  laser  radiation  and  thus  reduce  the  total  amount  of  laser  energy  delivered  to  and 
deposited  in  the  ablated  target  that  decreases  the  efficiency  of  laser  processing1.  On  the  other  side,  the  hot  temperature 
plasma  itself  being  a  source  of  heat,  short  wavelength  electromagnetic  radiation  and  shock  waves  (arising  both  in  the 
ambient  atmosphere  and  in  the  material  body)  can  efficiently  affect  the  processed  material  causing  its  surface  etching  and 
local  structural  and  chemical  modifications2.  The  latter  can  result  in  a  noticeable  change  in  physical  properties  of  the  solids 
including  such  as  optical  absorptivity,  thermal  conductivity  and  mechanical  resistance  that,  in  turn,  can  promote  the  further 
laser  processing  by  increasing  the  ablation  rate  (material  removal  efficiency).  Especially  important  role  plasma  plays  in  laser 
ablation  of  solids  with  ultrashort,  picosecond  and  femtosecond  pulses.  Here  the  strong  laser  fields  can  easily  produce  high- 
density  plasma  emitting  EUV  and  x-ray  radiation  of  up  to  several  keV-quanta  energy3.  Well  known  and  widely  discussed 
in  the  past  arguments  for  advantages  of  femtosecond  laser  pulses  in  material  processing,  from  the  point  of  view  processing 
quality  and  efficiency,  such  as  the  negligible  role  of  plasma  in  laser  radiation  screening  and  the  possibility  to  reduce  a 
thermal-affected  zone  to  a  few  tenth  of  micron,  have  not  been  experimentally  confirmed  in  general.  Instead,  as  was  turned 
out,  in  a  number  of  cases  both  the  efficiency  of  the  laser  processing  and  the  quality  of  the  structures  produced  with  the 
femtosecond  pulses  could  be  even  worse  than  those  for  the  longer  (e.g.  picosecond  and  nanosecond)  laser  pulses  ’  .  And 
the  source  of  that  seems  mainly  results  from  the  plasma  formation.  Therefore,  it  is  quite  obvious  that  the  study  of  plasma 
and  the  accompanying  phenomena  is  the  issue  of  the  day  as  for  the  fundamental  science,  as  for  the  practice. 

Among  the  others,  the  optical  methods  of  laser  plasma  investigations  are  widely  and  successfully  used.  These  methods  are 
based  mainly  on  a  time-resolved  ("pump-probe")  shadowgraphy6’7  and  interferometry8'11.  In  particular,  they  provide 
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information  on  plasma  and  blast  waves  dynamics  including  the  characteristic  speed  of  gas-dynamic  expansion  and  the 
plasma  density  spatial  distribution.  Being  used  in  the  studies  of  relatively  simple  plasma  objects  such  as  a  laser-ignited  gas 
plasma  with  the  pronounced  cylindrical  symmetry  the  developed  optical  (interferometric)  methods  allow  one  to  obtain  the 
valid  quantitative  data  of  plasma  parameters  with  ultrafast  (pico-femtosecond)  time  resolution  at  tens  of  micron  spatial 
resolution  .  However,  for  the  plasmas  with  non-symmetrical  small-scale  (few  microns)  density  distributions  the 
applicability  of  the  optical  measurements  and  the  validity  of  the  data  obtained  become  controversial.  It  commonly  occurs, 
for  instance,  at  laser  ablation  of  solids  when  strongly  inhomogeneous  plasma  is  produced  near  the  surface  of  ablated 
material.  Nonetheless,  even  in  these  conditions  the  optical  methods  allow  one  as  to  reveal  the  characteristic  features  of 
plasma,  as  to  estimate  and  describe  qualitatively  (and,  in  some  cases,  quantitatively)  the  parameters  of  the  object6-7’9.  In  this 
paper  we  present  an  advanced  method  of  ultrafast  optical  diagnostic  of  small-scale  laser-plasma  objects  and  the  results  of 
laser  material  ablation  studies  performed  with  this  method.  The  distinctive  feature  of  the  developed  technique  consists  in 
the  simultaneous  recording  of  shadowgraphic  and  interferometric  images  of  the  plasma12  in  combination  with  the  picosecond 
temporal  and  micron  spatial  resolutions. 


2.  EXPERIMENTAL  SETUP 
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Fig.  1 .  The  principal  scheme  of  the  experimental  setup. 


The  principal  scheme  of  the  experimental  arrangement  is  shown  in  fig.l.  A  single  picosecond  pulse  emitted  by  the  YAP:Nd 
laser  (^pump=1078  nm;  tpuke=2Cri-30  ps;  l-t-10  Hz  repetition  rate)  is  split  by  a  glass  wedge  into  two  unequal  parts  in  proportion 
1:10.  The  high-energy  (up  to  3  mJ)  pumping  pulse  is  focused  with  either  a  50  mm  focal  length  lens  or  a  microscope 
objective  (plan,  9X,  NA=0.2)  to  ablate  the  tested  material  (stainless  steel,  ceramics  etc.)  and  to  create  plasma  onto  a  target 
surface  or  in  the  air.  The  incident  beam  diameter  onto  the  focusing  lens  is  3  mm  (1/e2)  and  the  focused  beam  waist  diameter 
is  20  or  6  microns  (calculated  values).  The  low-energy  pulse  is  converted  to  the  second  harmonic  (^^=539  nm)  and  the 
"green"  probing  pulse  is  sent  to  a  variable  time-delay  line.  By  varying  the  time-delay  between  the  exciting  and  probing 
(backlighting)  pulses  in  the  range  0*-17  ns  it  is  possible  to  record  the  plasma  plume  spatial  expansion  with  the  picosecond 
time  resolution.  The  delayed  probing  pulse  travels  (at  the  right  angle  to  the  pump  beam)  through  the  plasma-filled  zone  and 
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undergoes  spatially  inhomogeneous  phase  and  amplitude  modulation.  The  modulation  takes  place  only  in  a  fairly  small 
central  area  of  the  collimated  probing  beam  comparing  to  its  whole  cross-section  (a  few  square  millimeters)  because  typical 
sizes  of  expanding  plasma  and  the  accompanying  blast  wave  are  from  several  to  a  few  hundreds  of  microns  for  the 
considered  pico-nanosecond  time-scale.  After  passing  through  the  plasma  the  probing  pulse  is  collected  with  an  imaging 
objective  (50  mm  focal  length  aspherical  lens)  and  directed  to  a  shearing  interferometer.  The  reflected  from  the 
interferometer  probing  radiation  creates  the  spatially  separated  interferometric  and  shadow  (or  schlieren)  images  of  the 
plasma  onto  a  view  screen.  The  images  are  captured  with  a  CCD  camera.  To  record  the  schlieren  (dark-field)  images  of  the 
plasma,  which  are  known  to  be  most  sensitive  to  the  smallest  perturbation  of  the  phase  of  probing  radiation,  an  opaque 
screen  -  a  sharp  blade  (“knife”)  or  a  100  micron  steel  wire  -  are  placed  in  the  back  focal  plane  of  the  imaging  objective. 
The  view  screen  is  placed  4  meters  away  from  the  object  that  allows  to  obtain  an  185X  magnification  of  the  plasma  and  to 
achieve  a  1.5-micron  spatial  resolution. 

In  our  experiments  we  assembled  and  employed  a  shearing  interferometer  consisting  of  two  reflecting  flat  mirrors  separated 
by  an  air  gap12.  The  principal  scheme  of  the  interferometer  is  shown  in  fig.2. 


Shearing  interferometer 


Fig.2.  The  shearing  interferometer  principal  scheme. 

For  the  interferometer  reflecting  surfaces  are  not  parallel  to  each  other,  the  beams  reflected  by  front  (R=45%)  and  rear 
(R=100%)  mirrors  are  interfering  in  space  forming  the  interference  (fringed)  image  of  the  plasma  object  onto  the  imaging 
screen.  By  varying  the  angle  between  the  interferometer  mirrors  a  it  is  possible  to  change  the  period  of  the  interference 
fringes  d  and,  as  a  result,  to  vary  the  spatial  resolution  and  the  phase  sensitivity  of  measurements.  Besides,  as  was  mentioned 
above,  due  to  the  spatial  separation  of  the  reflected  beams  in  the  shearing  interferometer  the  simultaneous  recording  of  both 
the  interferometric  and  shadow  (or  schlieren)  images  of  plasma  is  accomplished.  As  it  is  seen  in  the  fig.2,  the  interference 
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occurs  only  in  the  area  where  two  beams  are  overlapped  -  in  the  left  part  of  the  screen,  while  in  the  right  part  only  one  beam 
(that  is  reflected  by  the  front  interferometer  mirror)  is  present  and  thus  no  interference  takes  place.  Note  that  this  border 
appears  due  to  the  blocking  of  the  part  of  the  probing  beam  traveling  below  the  specimen  surface  (see  fig.  1)  by  the  opaque 
specimen  body  (or  by  a  special  screen). 

The  photo  in  fig.3  demonstrates  the  image  of  a  reference  test  object.  The  distance  between  vertical  dark  lines  (grooves 
etched  onto  a  glass  substrate)  is  equal  to  10  microns  that  corresponds  to  32  pixels  of  the  electronic  image.  The  thickness 
of  a  single  grove  is  estimated  to  be  1.5  microns  that  is  equal  to  5  pixels.  Hence,  the  geometrical  spatial  resolution  in  terms 
of  image  pixel  number  is  about  3.3  pixel/micron.  Fig.4  demonstrates  the  spatial  resolution  of  the  interferometric 
measurements  done  in  the  experiments.  The  distance  between  the  nearest  fringes  (one-lambda  fringe  shift)  is  2.6  microns 
i.e.  the  interferometric  resolution  (determined  as  a  half-lambda  fringe  shift)  is  1 .3  microns. 


Fig.3.  The  shadow  image  of  a  reference  test  object.  Fig.4.The  fragment  of  an  interferogram. 

Geometrical  spatial  resolution  is  3.3  pixel/micron.  Interferometric  spatial  resolution  is  1.3  pm. 

3.  EXPERIMENTAL  RESULTS 

3.1  Shadowgraphy  of  plasma  and  shock  waves  at  picosecond  laser  micro-ablation  and  through-hole  drilling 

Temporal  behavior  of  laser-initiated  plasma  plumes  and  shock  waves  arising  at  laser  micro-ablation  and  through-hole 
drilling  in  a  100-micron  thick  stainless  steel  plates  was  investigated  with  the  developed  experimental  setup.  In  the 
experiments  the  intensity  of  ablating  laser  pulses  was  ls(4+8)'10n  W/cm2.  The  time-delay  between  ablating  and  probing 
pulses  (tp.^15  ps)  was  varied  in  the  range  ^,=0+53  ps.  Besides  that,  the  long  10  ns  and  17  ns  time-delays  were  set  to 
demonstrate  the  transformation  of  a  plasma  plume  to  a  "pure"  shock  wave.  A  quite  high  intensity  value  of  ablating  pulses 
was  chosen  to  reveal  the  details  of  produced  plumes. 


Fig.5.  The  dark-field  images  of  plasma-plumes  consequently  changing  with  the  laser  shot-number  during  the  drilling  process: 
a)  first  shot,  b)  after  24  shots;  c)  47  shots;  d)  216  shots.  I  s  8*  1013  W/cm2,  t<n  =  53ps.  Fig.5b  demonstrates  a  laser-ignited 
explosion  of  the  dust  particle  in  the  air. 


The  schlieren  images  presented  in  figs.5a-d  show  how  the  plasma-plume  is  changing  with  the  pulse  number  during  the 
process:  beginning  from  the  first  shot  (a)  to  the  last  one  (#216)  corresponding  to  the  final  stage  of  the  through  hole 
formation.  The  time-delay  is  fixed  at  53  ps.  It  should  be  pointed  out  that  the  ”zero"-point  of  the  time-delay  corresponds  to 
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the  absence  of  any  visible  "bright  spot"  in  the  recorded  dark-field  image  of  plasma-affected-zone  -  i.e.  the  absence  of  any 
plasma  image  at  all.  It  means  that  the  probing  pulse  has  been  almost  passed  through  the  interaction  area  and  has  not  been 
disturbed  yet  by  arising  plasma  and  only  its  tail  (rear  part)  could  slightly  illuminate  it.  Because  of  high  sensitivity  of  the 
schlieren  technique  the  arising  uncertainty  in  zero  time-delay  determination  (which  is  quite  typical  for  any  kind  of  pump- 
probe  experiments)  can  be  reduced  to  a  possible  minimum  value.  For  our  experiments  we  estimate  it  as  1/5— 1/4  of  the  full 
probing  pulse  width.  Thus,  the  last  digit  indicated  in  the  figures  for  the  time-delay  "53  ps“  just  means  the  value 
corresponding  to  the  translation  stage  revolution  counter  numbers.  (Note,  that  being  determined  in  this  manner,  the  zero 
time-delay  actually  fixes  the  moment  of  plasma  appearance  but  not  the  peak  position  of  the  exciting  laser  pulse  and  depends 
on  its  intensity.  The  zero-point  coincides  with  the  peak  of  the  exciting  pulse  when  the  peak  intensity  is  equal  to  the  threshold 
of  plasma  formation,  and  it  is  gradually  shifted  to  the  leading  front  of  the  pulse  when  the  peak  intensity  is  increased.) 
The  pictures  presented  in  figs.6a-b  demonstrate  the  plasma  plumes  produced  at  the  same  time-delay  (t^  =  53ps)  but  at  two- 
times  low  laser  intensity  - 1  =  4-1013  W/cm2. 


a)  b) 

Fig.6.  The  dark-field  images  of  plasma-plumes  produced  at  I  =  4- 1013  W/cm2  .  a)  first  shot;  b)  after  169  shots,  t^  s  53ps. 


As  it  is  clearly  seen  from  the  pictures,  the  shape  of  plasma  is  noticeably  modified  during  the  hole  deepening  -  its  transverse 
size  gradually  decreases,  whereas  the  length  is  kept  approximately  the  same.  The  residual  plume  of  a  small  diameter  is 
mostly  due  to  the  laser  breakdown  arising  in  the  vicinity  of  the  focal  area.  (The  focal  point  of  the  applied  50  mm  focal  length 
lens  was  set  at  the  rear  surface  of  the  drilled  plate.)  The  pictures  exhibit  a  complicated  small-scale  spatial  structure  resulted 
from  the  inhomogeneous  plasma  density  distribution  and  the  other  peculiarities  of  laser-interaction  zone.  One  of  them  is 
the  laser-initiated  explosion  of  clusters  -  small-scale  particles  free-flying  in  the  air.  The  picture  presented  in  fig.5b  clearly 
illustrates  how  the  laser-initiated  explosion  of  a  cluster  (a  dust  particle  in  the  air)  can  affect  "the  delivery"  of  laser  radiation 
to  the  ablated  area.  Namely,  due  to  the  cluster  explosion  the  most  part  of  laser  pulse  energy  is  deposited  in  and/or  reflected 
from  the  high-density  laser-ignited  plasma  far  from  processed  surface.  As  it  follows  from  the  far  smaller  size  of  plasma- 
plume  arising  at  the  target  surface,  only  a  small  part  of  the  laser  pulse  energy  is  delivered  to  the  target.  (Based  on  the  average 
size  of  the  plume  one  can  qualitatively  estimate  the  relative  value  of  laser  energy  delivered  to  the  target.  For  instance,  one 
can  compare  the  pictures  presented  in  fig.5a  and  fig.6a  obtained  at  the  same  time-delay  but  at  two-times  low  ablating 
intensity.)  Not  only  a  single  dust  particle  free-flying  in  the  air  and  occasionally  crossing  the  laser  beam-waist,  but  also  those 
small-size  pieces  of  ablated  material,  which  has  been  produced  by  previous  laser  pulses  and  were  not  able  to  leave  the 
surroundings,  can  cause  the  partial  blocking  of  laser  radiation.  Such  situation  can  appear  even  at  a  relatively  low  repetition 
rate  of  a  few  Hz.  It  illustrates  the  photos  shown  in  the  fig.7  obtained  at  the  same  experimental  conditions  (after  the  hole  was 
drilled  through),  but  at  2  Hz  repetition  rate. 


V*  4*' 

■4$  ,  ■ 

100  nm 

Fig.7.  Laser-ignited  explosion  of  clusters  created  by  previous  laser  pulse(s).  2  Hz  repetition  rate.  I  s  7-1013  W/cm2,  t^  =  53ps. 
As  to  the  pictures  presented  in  figs.5a-d,  they  were  recorded  5  to  10  seconds  after  the  previous  shot,  when  debris  of  the 
processed  material  left  the  interaction  area.  It  worth  to  mention  that  the  spatial  area  where  the  clusters  are  exploded  can 
extend  up  to  the  distance  800-1000  microns  along  the  beam  axis  (see  fig.7).  With  the  consequent  laser  "cleaning"  of  the  hole 
and  the  reduction  of  the  total  quantity  of  ablated  material  removed  per  pulse,  the  cluster  explosion  becomes  less  pronounced. 
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A  part  of  the  experiments  was  made  with  long,  nanosecond  time-delays.  Fig.8  shows  the  shape  of  blast  waves  arising  at  both 
sides  of  a  100  micron  steel  plate  drilled  through.  Because  the  channel  is  still  in  the  process  of  drilling  -  in  the  stage  of  the 
so-called  output  widening  -  the  source  of  shock  wave  is  more  intensive  at  the  rear  surface  and  the  speed  of  wave  expansion 
here  is  about  two-times  faster.  Fig.9  shows  the  shapes  of  the  shock  wave  and  the  plasma-plume  arising  near  the  target 
surface  when  two  laser  pulses  of  the  equal  energy  separated  by  10  ns  interval  ablate  the  material.  The  probing  pulses  follow 
each  of  ablating  pulses  with  time-delay  40  ps.  To  make  this  experiment  we  adjusted  the  pulse  slicer  to  extract  two  successive 
pulses  from  the  train.  The  aim  of  the  experiment  was  to  reveal  a  possible  influence  of  blast  waves  resulting  from  multi-pulse 
ablation  of  material.  By  comparing  of  the  results  presented  in  fig.9  and  fig.6a  (ablation  with  a  single  pulse  of  the  same 
energy)  one  can  conclude  that  there  is  no  pronounced  influence  of  the  blast  wave  produced  by  the  first  laser  pulse  onto  the 
shape  of  the  plasma-plume  produced  by  the  second  pulse:  the  shapes  and  the  sizes  of  plumes  are  quite  similar. 


Fig.8.  The  shock  wave  expansion  at  a  through  hole  drilling.  Fig.9.  The  shock  wave  and  the  plasma-plume.  The 

hole  is  still  in  the  process  of  drilling  -  widening  of  the  output.  produced  with  two  time-delayed  by  10  ns  laser  pulses 

1  =  5-10  W/cm  ,  tdi=  17  ns.  of  the  equal  energy.  I  =  4-10l3W/cm21td]  =  40ps. 

3.2.  Interferometry  of  plasma  plumes  and  shock  waves  arisen  at  picosecond  laser  micro-ablation 

As  an  example,  the  combined  interferometric  and  shadow  photographs  of  plasma  objects  produced  onto  the  surface  of  a 
stainless  steel  sample  are  shown  in  fig.  10. 


Fig.  10.  The  captured  simultaneously  interferometric  and  shadow  (bright-field)  images  of  plasma  plume  arisen 
near  the  ablated  surface  of  a  stainless  steel  sample  and  the  spherical  blast  wave  (resulted  from  a  cluster 
explosion  in  the  air)  both  produced  by  a  single  picosecond  laser  pulse  of  1q  -  10”  W/cm2.  Time-delay  is  3  ns. 

The  figure  exhibits  several  features  characterizing  the  later  stages  of  the  surface  ablation  and  the  cluster  explosion.  It  was 
obtained  at  3  ns  time-delay  between  ablating  and  probing  pulses.  Two  objects  can  be  seen  in  the  image:  one  is  a  spherical, 
highly  transparent  "bubble"  -  the  spherical  shock  wave  resulted  from  a  dust  particle  (cluster)  explosion  in  the  air;  another 
one  is  a  rather  absorbing  "hemisphere"  contacting  with  the  ablated  surface  -  the  result  of  laser  pulse  interaction  with  the 
steel  specimen.  The  hemisphere  is  filled  with  dense  plasma  and  ablated  material  debris.  The  left  part  of  the  photo  is  the 
interferometric  image  -  the  result  of  the  interference  of  two  beams  successively  reflected  from  the  front  and  the  rear 
interferometer  mirrors.  Both  beams  bear  the  amplitude  and  phase  information  about  the  tested  object  and  thus  both  of  them 
create  the  object  images  separated  in  space.  The  beam  reflected  from  the  front  mirror  forms  the  image  in  the  central  part 
of  the  screen  while  that  reflected  from  the  rear  mirror  forms  the  image  in  its  left  part.  Because  the  right  part  of  the  screen 
is  illuminated  by  one  beam  only,  the  formed  image  is  the  common  shadow  picture  of  plasma.  (Worth  mentioning  that  the 
plasma  object  can  be  visualized  without  any  additional  screens  in  the  optical  scheme  even  if  the  F-numbers  of  the  imaging 
lens  is  rather  small  F#= 2-3).  The  image  created  by  the  second  beam  is  also  the  shadow  image.  However  this  image  is 
superimposed  onto  the  part  of  the  first  beam  that  serves  as  the  reference  beam  to  form  the  interferometric  fringes.  Thus,  both 
the  shadow  and  interferometric  images  of  the  plasma  are  formed.  The  shape  of  the  fringes  crossing  the  image  represents 
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the  phase  shift  of  the  probing  radiation  passed  through  the  plasma  and  maps  the  spatial  distribution  of  the  plasma  refractive 

index.  ... 

As  seen  in  fig.  10,  the  interferometric  fringes  across  the  spherical  object  are  almost  straight  and  nearly  equidistant.  Fringe 
displacement  does  not  exceed  one  period  that  corresponds  to  the  phase  shift  of  one  lambda  (for  539  nm).  The  straight 
equidistant  interferometric  fringes  across  the  spherical  object  imply  the  phase  shift  independent  on  the  radial  coordinate 
(measured  from  the  sphere  center)  for  the  most  part  of  the  sphere.  This  is  possible  only  if  the  n(r)  dependence  is  to  be  a 
smooth  function  in  the  central  part  of  the  sphere  and  a  sharply  rising  function  in  the  vicinity  of  the  shell  (similar 
dependencies  are  given  in  fig.17).  Moreover,  as  it  follows  from  the  direction  of  fringe  bending  (taking  into  account  the 
geometry  of  the  experimental  arrangements)  the  sign  of  the  phase  shift  is  the  negative  one,  i.e.  the  phase  velocity  of  light 
inside  the  "bubble"  is  higher  than  that  in  the  surrounding  atmosphere  (air  at  normal  conditions).  In  other  words,  the 
refractive  index  inside  the  sphere  is  less  than  that  in  the  air  (no— 1.00023).  This  is  possible  only  if  the  plasma  filling  the 
sphere  contains  a  large  number  of  free  electrons. 

As  to  the  hemispherical  object  the  interferometric  fringes  crossing  it  are  far  more  arched  and  also  are  strongly  irregular 
("interlaced").  In  the  area  where  both  objects  are  contacting  each  other  the  fringe  irregularities  can  be  observed  inside  the 
spherical  object  too.  At  the  periphery  of  the  hemisphere  the  displacement  of  the  fringes  exceeds  4X.  The  strong  arching  of 
fringes  and  irregularities  in  the  interferometric  image  are  indicating  a  strongly  inhomogeneous  spatial  distribution  of  the 
dense  plasma  arising  near  the  ablated  surface.  Note  that  the  direction  of  the  fringe  bending  also  demonstrates  the  negative 
phase  shift  -  the  presence  of  high  dense  free  electron  plasma  inside  the  hemisphere.  In  spite  of  the  complicated  picture  of 
the  interferometric  image  that  hardly  can  be  unambiguously  decoded  and  interpreted  quantitatively  we  see  that  it  provides 
us  with  at  least  qualitative  data  describing  the  plasma  plume.  In  other  words  the  interferometric  image  clearly  demonstrates 
the  obvious  advantage  of  interferometric  studies  of  high  density  plasma  plumes.  It  is  essentially  more  informative  than  die 
shadow  image  of  the  hemisphere,  which  looks  as  a  dark,  almost  nontransparent  object  exhibiting  no  pronounced  spatial 
substructure. 

Fig.  10  was  obtained  at  a  relatively  long  time-delay  between  pumping  and  probing  pulses  (tdl=3  ns)  when  a  typical  size  of 
plasma  object  exceeds  hundreds  of  microns.  On  the  time  scale  of  the  backlighting  pulse  equal  to  tprobe=;  15  ps  the  plasma 
can  be  considered  as  static,  "frozen"  object.  On  the  other  side,  figs.  1 1  a,b  presented  below  show  the  earlier  stages  of  plasma 
evolution.  These  photos  were  obtained  at  time-delay  40  ps.  Fig.l  la  shows  the  plasma  plume  striation  that  is  a  characteristic 
feature  for  the  beginning  of  the  material  ablation.  The  corresponding  interferogram  (fig.  lib)  exhibit  the  fringe  blurring  in 
the  outer  part  of  plasma  plume. 


Fig.l  1.  The  interferometric  and  dark-field  images  of  plasma  plume  arisen  near  the  ablated  surface.  I  =7-1013W/cm2,  t(j]-40ps. 

The  fringes  almost  vanish  in  the  area  extending  to  about  5(M00  micron  above  the  treated  surface.  The  image  smearing  and 
the  total  disappearance  of  fringes  resulted  from  ultrafast  nonstationary  (on  a  time-scale  of  tprobes  15  ps)  processes  of  plasma 
formation  and  plasma  expansion  in  space.  The  period  of  fast  perturbations  lasts  for  a  few  tens  of  picoseconds.  As  it  was 
observed  the  fringes  become  more  pronounced  and  sharp  and  cover  most  part  of  the  plasma  plume  at  time  delays  longer 
than  53  ps.  Only  in  the  area  directly  contacting  with  the  ablated  surface  where  the  electron  density  seems  to  reach  maximum 
value,  the  fringes  are  not  resolved  till  the  tdl=3  ns.  The  latter  is  similar  to  that  shown  in  the  fig.  10  for  the  hemispherical 
plasma  formation. 

3.3.  Credibility  limits  of  interferometric  and  shadowgraphic  methods 

The  plasma  created  either  onto  a  solid  target  or  in  the  air  passes  two  distinct  stages:  (a)  the  stage  of  laser  energy  deposition 
(laser-driven  plasma)  lasting  for  20+30  ps  (the  pumping  laser  pulse  duration),  and  (b)  the  stage  of  plasma  "free"  expansion. 
On  the  stage  (a)  the  probe  beam  radiation  is  strongly  refracted,  scattered  and  also  noticeably  absorbed  by  plasma.  Both  the 
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detailed  balance  of  the  mentioned  effects  as  well  as  the  evaluation  of  other  plasma  parameters  on  this  stage  is  the  most 
interesting  but  quite  difficult  task.  One  of  the  reasons  is  the  small  plasma  size  (few  to  tens  of  microns)  that  requires  the 
corresponding  micron  (or  even  sub-micron)  spatial  resolution.  In  this  case  the  ultrafast  non-stationary  and  non-local 
perturbation  processes  occurring  in  laser-driven  plasma  require  both  the  shorter  wavelength  of  probing  radiation,  and  the 
faster  (femtosecond)  exposure  times.  With  the  experimental  arrangement  we  have  at  the  present  time,  this  stage  of  plasma 
evolution  can  be  studied  rather  qualitatively  than  quantitatively.  On  the  stage  (b),  when  the  pumping  laser  pulse  is 
terminated,  the  plasma,  with  respect  to  the  probe  pulse  radiation,  behaves  like  a  weakly  absorbing  and  slowly  expanding 
in  space  (  quasi-frozen")  phase  object.  The  plasma  size  is  of  the  order  of  a  few  tens  of  microns.  Thus  with  the  spatial 
resolution  we  have  at  hand  (-1.3  pm)  both  the  shadowgraphy  and  the  interferometry  can  be  used  not  only  for  a  qualitative 
but  for  the  quantitative  measurements  also.  The  quantitative  versions  of  both  methods  are  based  on  a  classical  relationship 
for  the  phase  shift  d<t>  of  the  probing  beam  (Abel  integral): 

»HS  (i) 

that  assumes  weak  refraction  inside  the  object,  i.e.  the  heights  of  the  probing  ray  h  (measured  from  the  object  geometrical 
axis)  at  the  ray  entrance  and  the  ray  exit  should  coincide.  This  imposes  some  limitations  onto  the  procedure  of  retrieving 
the  refractive  index  dependence  n{r)  from  the  experimentally  measured  data  d<t>(h).  To  understand  which  details  of  the 
recorded  shadowgraphic  and  interferometric  pictures  refer  to  the  object  under  study  and  which  are  artifacts  of  the  imaging 
system  we  have  performed  the  additional  experiments  and  numerical  modeling.  The  modeling  was  made  using  the  code 
FRESNEL  that  has  been  developed  earlier  in  General  Physics  Institute  for  the  calculations  of  the  laser  beam  propagation 
in  various  optical  systems.  The  program  operates  within  the  frameworks  of  paraxial  approximation  using  special  algorithm 
of  the  automatic  scale  adjustment  to  minimize  the  aliasing  effect13.  In  the  current  study  most  calculations  were  done  on  a 
grid  of  2048x2048  sampling  points. 

First  let  us  consider  the  details  of  the  shadow  image  shown  in  fig.  10  -  the  spherical  blast  wave  expanding  in  the  air.  Three 
pronounced  details  are  visible:  (a)  the  circular  interference  (diffraction)  pattern  with  the  period  decreasing  to  the  center  of 
the  plasma  bubble,  (b)  the  black  rim  surrounding  the  bubble,  (c)  about  the  same  average  luminosity  inside  and  outside  of 
the  bubble.  The  modeling  of  the  plasma  bubble  aiming  to  reveal  these  experimentally  observed  features  was  done  first  with 
a  flat  phase  object  (phase  screen)  in  the  scheme  shown  in  the  fig.  12.  The  phase  screen  was  given  by  its  radius  (R,Aj  =35  pm), 
total  phase  shift  (0=1  -X),  and  by  the  scale  of  the  phase  variation  at  the  screen  edge  (8).  The  imaging  lens  was  given  by  its 

focal  length  (F),  clear  aperture  size  (D),  and  magnification  (M= 1004-200). 

Probe 
laser 
beam 


Fig.  12.  The  schematic  plot  of  plasma  visualization  optical  scheme  used  in  the  computer  modeling. 

Fig.  13a  shows  the  intensity  variation  across  the  image  for  various  values  of8/2R„hj  .  These  results  are  more  or  less  obvious. 
First,  we  should  note  that  depending  on  8/21^  the  edge  of  the  phase  object  can  be  visualized  without  any  special  means 
(the  knife  is  absent  in  the  scheme  in  fig.  1 2).  This  fact  and  the  equality  of  the  surrounding  luminosity  with  that  inside  the 
object  image  are  known  for  the  phase  object  with  abrupt  edges14.  The  visualization  occurs  because  the  aperture  of  the 
imaging  lens  "removes"  the  higher  spatial  frequencies  associated  with  the  light  refracted/diffracted  on  the  phase  object  edge. 
If  the  edge  size  is  very  small  (8/21^  «1)  the  energy  "removed"  is  low  (i.e.  the  lens  spatial  resolution  is  not  sufficient)  and 
the  edge  is  not  visible  (the  contrast  is  low).  For  a  large  enough  8/2Robj  the  edge  is  not  visible  again  for  it  is  weakly  refracting 
object  -  all  the  light  comes  through  the  lens. 

One  can  notice  that  the  period  of  the  ring  structure  for  the  curves  in  the  fig.  13a  does  not  depend  on  8/2^.  But  this  again 
is  the  artifact  of  our  optical  scheme.  If  we  change  F/D  we  shall  see  (figs.  1 3b, c)  that  the  period  varies  F/D.  Moreover  the 
number  of  the  rings  relates  with  the  number  of  Fresnel  zones  Nr  on  the  radius  of  the  phase  screen  visible  from  the  rim  of 
the  lens  aperture: 
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E.g.  for  Robj  =35  |tm  and  F/D=5  we  get  Nf=6Ai,  while  for  F/D  =2.5  :  A,=12.69  that  is  almost  precisely  coincides  with  the 
results  of  numerical  modeling  in  figs.  1 3b, c.  If  the  relation  (2)  is  valid  for  our  case  (the  coincidence  is  not  occasional)  than 
we  can  assume  that  for  an  apodized  lens  the  interference  should  vanish  or  be  weakened.  The  numerical  modeling  confirms 
this  as  it  is  shown  in  the  fig.l3d  for  the  apodizing  scale  da/D=0.25.  As  one  can  see  in  the  fig.10  the  interference  period  is 
changing  across  the  radius  of  the  plasma  bubble  while  the  period  in  the  figs.  1 3b, c  is  constant.  The  discrepancy  can  be 
ascribed  to  oversimplification  made  by  replacement  of  the  real  spherical  object  by  a  flat  phase  screen.  (The  displacement 
of  the  center  for  the  interference  rings  from  the  bubble  axis  most  probably  can  be  accounted  for  the  non-ideal  shape  of  the 
bubble.) 


PE| 

§§§ 

n 

F/D=5 

4>=2jc,  8/2Robj  =2T0'2 

b) 

'  F/D=2.5 

4>=2x,8/2Robj=M0'2 

c) 

F/D=2.5,  da/D=0.25 
O=2jt,8/2Robj=l-10-2 
d) 

Fig.  13.  The  results  of  the  computer  modeling  of  plasma  phase  objects. 


There  exists  one  more  possibility  to  explain  the  features  of  the  fig.10.  This  is  the  defocusing  of  the  imaging  objective  with 
respect  to  the  center  of  plasma  bubble.  The  conducted  numerical  modeling  of  the  defocusing  with  the  phase  screen  shows 
that  the  effects  resembling  those  observed  experimentally  do  exist.  The  results  of  calculations  and  the  recorded  images  of 
plasma  produced  in  the  air  (laser  spark)  with  short  focal  distance  objective  (F=17.8  cm,  I=5-1014  W/cm2;  ^=1  ns  )  are 
shown  in  fig.  14.  As  seen,  the  "positive"  defocusing  results  in  the  interference  with  the  similar  dependence  of  the  period 
versus  radius  (bottom  of  the  figure).  Note,  that  the  experiments  (done  with  picosecond  laser  spark)  do  not  verify  the 
numerical  modeling  calculations  in  all  details  -  the  diffraction  pattern  outside  the  plasma  boundary  has  not  been  ever 
observed  at  defocusing  ±100  pm.  It  demands  additional  experimental  and  theoretical  studies  to  be  performed. 

3.4.  Temporal  evolution  of  refractive  index  spatial  profile  of  the  picosecond  laser  spark  in  air 
The  inherent  complexity  of  plasma  plumes  arisen  at  laser  ablation  of  materials  and  mainly  the  pronounced  mhomogeneity 
and  asymmetry  of  plasma  density  spatial  distribution  do  prevents  the  routine  procedure  of  refractive  index  retrieval  to  be 
unambiguously  applied.  Moreover,  the  observed  experimentally  and  confirmed  by  the  computer  modeling  characteristic 
features  of  plasma  images  such  as  a  diffraction  ring  structure  that  can  result  from  both  the  intrinsic  (actual  plasma  properties) 
and  extrinsic  (aberrations  of  imaging  system)  reasons,  additionally  distort  the  original  information  on  plasma  physical 
parameters  and  essentially  complicate  the  problem.  In  this  connection  it  seemed  reasonable  at  first  to  verify  the  applicability 
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Fig.  14.  The  results  of  computer  modeling  of  a  plasma  phase  object  -  laser  spark  in  the  air.  (Is5-1014  W/cm2;  t^lns  ) 


of  the  developed  plasma  diagnostic  method  with  a  reference  test  object  with  more  or  less  known  and  reproducible 
parameters.  The  most  simple  phase  reference  object  that  can  be  easily  produced  in  an  experiment  is  the  common  laser  spark 
in  the  air.  The  reproducible  and  cylindrically  symmetric  picosecond  laser  spark  allowed  us  to  demonstrate  the  validity  of 
the  developed  optical  system  and  technique  in  retrieving  the  refractive  index  spatial  profiles  of  the  plasma  at  different 
moments  of  time  starting  from  a  few  picoseconds  after  plasma  ignition  till  3  ns.  To  create  a  stable  plasma  object  a  short  focal 
length  objective  (F=  17.8mm)  was  used  and  the  pump  laser  pulse  energy  of  about  2  mJ  was  applied.  Therefore  the  peak 
intensity  in  the  focal  point  was  as  high  as  1=5  •  1 0 1 4  W/cm2.  The  recorded  interferograms  are  shown  in  figs.  15a-b. 


These  interferograms  allow  us  to  retrieve  the  refractive  index  spatial  profiles  of  the  plasma  by  applying  the  simplest  inverse 
Abel  transform  procedure10'1 '.  Assuming  a  cylindrical  symmetry  of  the  plasma  (at  least  in  its  central  part)  we  can  obtain 
the  radial  distribution  of  the  refractive  index  just  by  measuring  the  interferometric  fringe  profile  A(r)  -  the  fringe  shift  as 
a  function  of  the  radial  coordinate  (A(r)  s  A (h)),  and  assigning  it  to  the  phase  shift  of  the  probing  wave  -  d<S>(h).  Then,  we 
retrieve  the  refractive  index  n(r)  from  the  system  : 


{n{r)-\)rdr 


dA 

du 


du  >  where  M=r2. 


(3) 
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It  is  worthy  of  note  that  at  the  periphery  of  the  plasma  near  the  blast  wave  front  the  interferometric  fringes  do  not  replicate 
exactly  the  wave  phase  shift  radial  distribution,  so  that  this  simplest  inverse  Abel  transform  algorithm  does  not  allow  one 
to  retrieve  correctly  the  phase  shift  of  the  probing  wave  and  thus  to  obtain  the  reliable  information  on  the  refractive  index 
spatial  distribution.  A  2D  numerical  algorithm  should  be  applied  in  this  case.  The  results  of  the  2D  phase  shift  retrieving 
are  shown  in  figs.!6a,b,  where  the  numerically  calculated  and  the  recorded  plasma  images  are  in  a  quite  good  coincidence. 


Nonetheless  the  retrieved  with  the  system  (3)  refractive  index  values  in  the  central  part  of  plasma  (far  from  the  blast  wave 
front)  are  correct  and  meaningful  Also,  any  small-scale  variations  in  a  fringe  shape  (less  then  about  half-lambda)  are  hardly 
can  be  attributed  to  the  physical  fringe  bending,  but  to  a  noise  (image  pixelization)  or  to  "parasitic"  diffraction  rings 
originating  due  to  imaging  optics  imperfections.  The  latter  are  partially  seen  in  fig.l5b  where  a  "saw-like  modulation  of 
the  fringes  in  the  center  of  the  plasma  plume  is  the  result  of  the  diffraction  rings  and  the  interferometric  grid  overlapping. 
Therefore,  to  retrieve  refractive  index  correctly,  one  should  properly  smooth  the  recorded  fringes  before  performing  the  Abel 
inversion  procedure. 

The  retrieved  refractive  index  radial  profiles  of  laser  spark  are  presented  in  fig.  17  and  the  corresponding  blast  wave  radius 
time  dependence  is  shown  in  fig.18.  Worth  mentioning  that  the  refractive  index  drops  well  below  «0=1. 00023  inside  the 
object  demonstrating  the  presence  of  high  density  free  electron  plasma.  Simple  estimations  show  that  the  equivalent  electron 
concentration  in  the  center  of  the  plasma  exceeds  ~  1020  cm 3  at  the  early  stages  of  the  laser  spark  expansion  and  gradually 
decreases  to  ~  1018  cm'3  during  several  nanoseconds. 


plasma  radius,  pm 


Fig.17.  The  laser  plasma  refractive  index  radial  distributions  Fig.18.  The  laser  plasma  (blast  wave)  radius  time  ^ 

of  laser  spark  in  the  air.  I  s  5-1014  W/cm2.  dependence.  Laser  spark  in  the  air.  I  =  5-1014  W/cm2. 


4.  CONCLUSIONS 

To  summarize  the  obtained  results  we  can  conclude  that  the  developed  shadow  and  interferometric  technique  allows  one 
to  study  the  spatial  distribution  and  temporal  behavior  of  laser  plasma  arising  at  laser  micro  ablation  of  materials.  To  the 
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best  of  our  knowledge  this  technique  was  applied  for  the  first  time  to  the  study  of  laser  ablation  on  the  picosecond  time 
scale. 

The  computer  modeling  and  analysis  of  the  shadowgraphs  and  interferometric  plasma  images  obtained  with  the  coherent 
laser  backlighting  has  demonstrated  that  the  visualization  of  small-size  plasma  objects  is  accompanied  by  many  artifacts 
that  can  prevent  quantitative  evaluations  of  the  plasma  parameters.  Nonetheless,  such  measurements  can  be  done  if  a  reliable 
calibration  of  the  imaging  optical  system  is  performed  with  an  appropriate  test  objects  with  the  well-defined  parameters, 
pie  advantages  of  the  developed  interferometric  technique  such  as  the  achieved  is  1.3  microns  spatial  resolution  of  the 
interferometric  measurements  allow  us  to  retrieve  the  refractive  index  spatial  profiles  of  the  simplest  plasma  object  -  laser 
spaik  in  the  air  -  at  different  moments  of  time  starting  from  a  few  picoseconds  after  plasma  ignition  till  several  nanoseconds 
by  applying  the  simplest  inverse  Abel  transform  procedure  or  the  developed  2D  computer  algorithm.  It  is  shown  that  the 
refractive  index  drops  well  below  n$=\  .00023  inside  the  laser  spark  demonstrating  the  presence  of  high  dense  free  electron 
plasma.  The  equivalent  electron  concentration  in  the  center  of  the  plasma  during  few  tens  of  picoseconds  after  plasma 
initiation  reaches  ~10"°  cm. 
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Abstract: 

Laser  ablation  of  polyimide  and  polycarbonate  by  3rd  harmonic  Nd-YAG  laser  is  studied  using  secondary  ion 
mass  spectrometry  (SIMS)  and  confocal  microscopy.  The  ablated  debris’  were  collected  on  an  H-terminated  Si 
substrate  and  then  analysed  using  SIMS.  Mass  resolved  images  of  collected  debris  showed  near-hemispherical 
distribution  of  hydrocarbon,  nitrogen  containing  and  oxygen  containing  compounds  with  radius  up  to  0.7  mm. 
Ablation  in  different  gases  (air,  N2,  He)  revealed  that  the  nitrogen  and  oxygen  containing  compounds  are  formed 
because  of  a  reaction  of  the  hot  plume  with  air  in  the  course  of  thermal  dissociation  of  02  and  oxygen-assisted 
dissociation  of  N2.  The  shape  and  size  of  the  microvia  were  measured  using  confocal  microscopy  through  a  polished 
edge  of  the  polymer  target.  The  via  drilled  in  pulse-by-pulse  ablation  (PBPA)  was  found  to  be  deeper  than  that 
drilled  in  continuous  ablation  (CA)  with  the  same  number  of  pulses.  This  is  due  to  shading  of  the  laser  light  by  the 
plume  from  the  preceding  pulse.  In  result,  explosive  boiling  occurs  during  PBPA,  while  normal  vaporisation 
dominates  during  CA.  Several  mechanisms  of  etching  of  side  walls  are  discussed. 


Keywords:  TOF-SIMS,  plume  attenuation,  ablation  rate,  deep  hole  drilling 


1.  Introduction 


Pulsed  lasers  are  widely  used  for  industrial  processes,  for  example  microvia  drilling  in  the  electronic  packaging 
industry.  When  the  laser  power  is  above  the  materials  ablation  threshold,  material  ejection  occurs  within 
nanoseconds  of  the  beginning  of  the  laser  pulse.  This  forms  a  plume/plasma  above  the  target  surface1.  There  have 
been  extensive  experimental  and  theoretical  investigations  of  the  formation,  laser  energy  absorption  and  laser  light 
scattering  effects  of  plumes  formed  from  single  laser  pulses1, 2’ 3’  4’  5’  6.  Callies  et  al .'  use  high-speed  Schlieren 
photography  and  shadowgraphy  to  investigate  the  gas  dynamics  above  a  copper  target.  Based  on  their  observations 
they  define  five  discontinuities  within  the  gas.  The  first  discontinuity  is  a  shock  wave  propagating  through  the  gas 
surrounding  the  target.  Closely  following  the  first  discontinuity  there  is  a  second  one  that  they  identify  as  the 
“ionization  front”,  behind  which  the  air  is  ionized.  The  third  discontinuity  is  called  the  “contact  front”.  This 
separates  the  shocked  air  and  the  ablated  material  vapor  and  plasma. 

In  a  previous  paper2  we  used  a  hydrogen  terminated  silicon  surface  to  “catch”  the  debris  within  the  plume. 
Subsequent  analysis  using  time  of  flight  secondary  ion  mass  spectrometry  (TOF-SIMS)  of  the  silicon  surface 
revealed  spatial  distributions  of  various  components  of  the  plume.  The  results  confirmed  that  the  oxygen  and 
nitrogen  in  air  around  the  ablation  site  dissociate  due  to  the  ablation  process.  Also  shown  in  that  paper  is  that 
dissociation  of  nitrogen  occurs  only  in  the  presence  of  oxygen.  This  was  demonstrated  by  changing  the  atmospheres 
surrounding  the  target  material.  In  air,  strong,  well-defined  distributions  of  both  nitrogen  containing  compounds 
(NCCs)  and  oxygen  containing  compounds  (OCCs)  were  found.  While  in  nitrogen  only  trace  amounts  of  NCCs  and 
OCCs  -  which  could  be  attributed  to  the  oxygen  and  nitrogen  contained  within  the  polymer  itself  -  were  found. 
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In  the  present  paper  we  experimentally  investigate  the  ablation  of  certain  polymers  (polyimide  and 
polycarbonate)  by  a  355  nm  third  harmonic  Nd-YAG  laser.  We  first  present  a  TOF-SIMS  analysis  of  the  ablation 
debris  using  the  method  introduced  in  Li  et  al.2.  The  measured  distributions  of  the  NCCs  and  OCCs  are  used  to 
measure  the  extent  of  the  contact  front.  We  use  the  Zeldovich  two-step  mechanism  to  explain  the  dissociation  of 
nitrogen  in  air  and  subsequent  formation  of  NCCs. 

In  the  second  part  of  the  paper  we  report  results  of  multi-pulse  ablation  of  holes  of  various  depths.  We  relate  the 
TOF-SIMS  results  to  phenomena  seen  in  multi-pulse  hole  formation.  Even  though  many  industrial  applications  use 
multiple  pulses  for  drilling  deep  holes,  few  reports  of  detailed  multi-pulse  laser  ablation  studies  exist7, 8.  Dining 
multi-pulse  ablation  the  plume  from  one  pulse  may  affect  subsequent  pulses.  Our  results  show  that  even  at  repetition 
rates  as  low  as  1kHz  these  effects  are  important  when  drilling  deep  holes.  As  the  laser  repetition  rate  is  increased  and 
as  the  ablated  hole  becomes  deeper,  plume  interactions  with  subsequent  pulses  become  increasingly  important. 
Further  results  are  presented  that  suggest  material  compliance  or  constraint  may  play  a  role  in  deep  hole  ablation 
rates.  ' 


2.  Experimental 


An  ESI  Microvia  Drill  M5200  was  used  in  this  study.  This  Q-switched  third  harmonic  Nd  :  YAG  laser  produces 
a  355  nm  wavelength  beam  with  a  Gaussian  energy  distribution.  The  laser  was  focused  onto  the  target  surface  to  a 
spot  size  of  radius  25  pm  at  1/e2  density.  The  maximum  average  laser  power  is  2  W  and  repetition  rates  can  be  varied 
from  1-20  kHz.  The  experimental  setup  for  capturing  plumes  for  SIMS  investigations  is  shown  schematically  in  Fig. 
1(a).  A  hydrogen  terminated  silicon  substrate  was  placed  on  the  target,  and  was  vertically  aligned  in  the  direction  of 
the  laser  beam.  The  silicon  substrate  was  placed  50  pm  away  from  beam  center.  Debris  from  the  plume  deposited 
onto  the  silicon  substrate.  It  was  then  analyzed  using  a  time-of-flight  secondary  ion  mass  spectrometer  (TOF-SIMS) 
built  by  ION-TOF  GmbH.  The  pulsed  primary  10  keV  Ar+  ion  beam  was  scanned  over  the  area  of  interest  and 
secondary  ion  mass  spectra  of  the  sputtered  fragments  were  collected  from  each  point.  The  principle  of  the  TOF 
detector  is  that  all  ionized  fragments  are  collected  after  each  primary  ion  pulse.  This  provides  high  sensitivity  so  that 
a  mass  spectrum  can  be  obtained  after  sputtering  of  less  than  one  molecular  layer.  The  mass  resolution  is  8000  - 
enough  to  distinguish  different  fragments,  e.g.  Silf,  OCIf,  C2H5+,  within  one  integer  mass.  The  data  were 
reconstructed  as  mass  resolved  images  (MRI),  representing  the  distributions  of  the  sputtered  fragments  over  the  scan 
area.  Polyimide  (Kapton  HN,  a  PMDA-ODA  chemistry  polyimide  from  Dupont  Chemicals)  was  used  as  the  target 
for  all  TOF-SIMS  data  presented  here. 

The  ablation  rate  studies  were  carried  out  using  polyimide  films  and  transparent  polycarbonate  sheets.  75  (im 
polyimide  films  were  used  to  investigate  ablation  rates  for  shallow  holes  (<100pm).  5mm  polycarbonate  sheets  were 
used  to  study  ablation  of  deep  holes  (>100  pm).  The  experiments  were  carried  out  using  two  methods:  continuous 
ablation  (CA)  and  pulse-by-pulse  ablation  (PBPA).  Continuous  ablation  is  defined  as  ablation  due  to  continuous 
pulsing  of  the  laser  at  various  frequencies  (repletion  rates)  between  1  kHz  and  15kHz.  In  the  case  of  PBPA,  the 
interval  between  consecutive  pulses  was  between  8  and  30  seconds.  In  all  cases  (CA  and  PBPA)  the  first  20  laser 
pulses  were  suppressed,  i.e.  the  machine  was  programmed  not  to  deliver  them  to  the  target  surface.  The  21st  pulse 
was  allowed  to  hit  the  target.  This  was  done  in  order  to  reduce  variations  between  pulses  that  are  common  during  the 
first  pulses  of  a  laser.  The  machine  was  also  programmed  to  shut  off  if  the  average  pulse  energy  changed  bv  more 
than  10%  during  ablation. 

For  the  deep  hole  ablation  studies,  the  edge  of  the  polycarbonate  target  was  polished  prior  to  laser  ablation.  The 
laser  was  focused  onto  a  spot  400  pm  from  the  edge  of  the  target,  as  shown  in  Fig.  1(b).  The  laser-drilled  hole  was 
directly  examined  through  the  polished  edge  using  confocal  and  optical  microscopy.  An  Olympus  Flouview300 
confocal  microscope  and  Nikon  MM-40  measuring  microscope  were  used. 
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3.  Results  and  discussion 


3.1  Plume  investigation  by  TOF-SIMS 


Typical  mass  resolved  images  of  a  plume  collected  on  a  hydrogen-terminated  silicon  substrate  are  shown  in  Fig. 
2.  The  mass  spectra  from  the  sample  consist  of  hydrocarbon  compounds  (HCCs),  nitrogen  containing  compounds 
(NCCs)  and  oxygen  containing  compounds  (OCCs)  originating  from  the  plume  and  silicon  containing  compounds 
from  the  substrate.  Figures  2  (a),  (b)  and  (c)  show  images  of  all  NCCs,  OCCs  and  HCCs,  respectively,  from  the 
same  plume.  This  plume  was  deposited  during  ablation  of  polyimide  in  an  air  environment.  The  laser  was  set  at  a 
repetition  rate  of  5kHz  and  the  fluence  was  48.9  J/cm2.  Debris  from  6  pulses  was  collected  in  order  to  increase  the 
amount  of  material  on  the  sample.  The  ablated  area  of  the  target  was  directly  in  front  of  the  middle  of  the  bottom 
edge  of  the  area  shown. 

The  MRIs  are  hemispherical  in  accordance  with  isotropic  propagation  of  the  plume  reported  in  ref.  [1].  The 
distributions  all  have  well-defined  edges.  The  radius  of  the  distributions  does  not  depend  on  the  number  of  pulses,  so 
the  debris  from  each  pulse  are  frozen  on  the  substrate  and  only  stack  up  in  thickness  after  each  pulse.  The  radius  of 
NCCs  distribution  is  consistently  slightly  smaller  than  that  of  HCCs  and  OCCs  distributions,  see  Fig.  2.  The  reasons 
for  this  are  explained  below. 

SIMS  analysis  of  the  plumes  deposited  in  different  atmospheres2  -  air,  helium  and  nitrogen  -  revealed 
significantly  different  MRIs.  In  contrast  to  ablation  in  air  where  the  amount  of  NCCs  and  OCCs  comparable  with 
HCCs,  ablation  in  He  and  N2  gives  the  usual  amounts  of  HCCs  but  only  trace  amounts  of  NCCs  and  OCCs.  It  is 
believed  that  the  OCC  and  NCC  traces  seen  in  MRIs  for  ablation  within  H  and  N2  are  from  the  material  itself 
(polyimide  contains  small  amounts  of  oxygen  and  nitrogen  within  its  chemical  structure).  SIMS  analysis  of  plumes 
from  polycarbonate  targets  showed  similar  results.  The  marked  difference  in  the  amount  of  OCCs  and  NCCs 
between  the  air  environment  and  the  nitrogen  or  helium  environments  indicates  that  the  majority  of  the  oxygen  and 
nitrogen  must  have  come  from  the  air. 

Nitrogen  molecules  have  high  dissociation  energy  and  no  dissociation  occurs  in  an  N2  environment,  as  revealed 
by  the  lack  of  NCCs.  However  the  presence  of  oxygen  in  air  enables  nitrogen  dissociation  at  elevated  temperatures 
due  to  the  two  processes  -  the  first  process  is  thermal  dissociation  of  oxygen  molecule  in  air.  The  second  process  is 
the  atomic  oxygen  oxidizing  the  atmospheric  nitrogen  by  Zeldovich  two-step  mechanism  -  see  reactions  (1)  and  (2) 
below: 


N2  +  0  =  N0  +  N  (1) 

N  +  02  =  N0  +  0  (2) 

During  this  reaction  nitrogen  atoms  are  released  and  are  able  to  combine  with  the  molecules  surrounding  them  (in 
our  case  ablated  vapor  molecules).  They  are  also  able  to  assist  in  further  oxygen  dissociation  (reaction  2).  According 
to  Hill  et  al10,  the  Zeldovich  reactions  are  highly  dependent  on  temperature,  residence  time  and  atomic  oxygen 
concentration.’  Reaction  (1)  is  regarded  as  the  rate-determining  step  due  to  its  high  activation  energy  and  hence 
renders  the  Zeldovich  mechanism  highly  sensitive  to  temperature.  The  minimum  temperature  required  for  nitrogen 
dissociation  due  to  oxygen  was  observed10  to  be  1800  K.  The  temperature  of  debris  at  the  beginning  of  the  ablation 
was  estimated  to  be  much  higher  than  this  value  (27600  K,  at  10  ns)1,  but  as  the  plume  expands,  the  contact  front 
between  the  debris  and  air  cools  down  (3600  K  at  100  ns)1.  At  some  point,  it  becomes  colder  than  the  threshold  of 
the  Zeldovich  reaction,  hence  NCCs  are  no  longer  formed  and  the  edge  of  their  distribution  occurs,  Fig  2(a). 
However,  direct  oxidation  of  the  ablated  material  vapor  is  still  able  to  occur  under  these  conditions  and  OCCs 
continue  to  be  formed  until  the  contact  front  itself  stops  expanding.  Consequently  the  OCCs  cover  a  slightly  larger 
area  than  the  NCCs,  see  Fig.  2b.  Where  the  contact  front  stops  expanding,  also  defines  the  limit  of  HCCs,  thus  their 
radius  is  similar  to  that  of  OCCs.  Images  taken  by  Callies  et  at  show  the  contact  front  stopping  (and  even  retreating 
slightly)  at  distances  of  about  300  pm  from  the  target.  This  is  in  good  agreement  with  measured  OCC  and  HCC 
distributions  even  though  the  laser  conditions  and  target  material  differ  significantly  between  the  experiments.  We 
have  found  that  the  radii  of  the  NCC,  OCC  and  HCC  compounds  are  highly  dependent  on  parameters  such  as  laser 
fluence  (results  not  presented  here). 
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3.2  Ablation  of  shallow  holes 


The  number  of  pulses  taken  to  go  through  a  75  pm  polyimide  film  is  plotted  against  laser  fluence  in  Fig.  3.  As 
mentioned  previously,  in  PBPA  experiments  the  laser  was  set  running  at  a  given  repetition  rate  and  only  the  21st 
pulse  was  delivered  to  the  target.  The  figure  shows  curves  for  a  repetition  rate  of  5kHz.  There  is  a  significant 
difference  between  the  CA  and  PBPA  ablation  rates,  with  PBPA  ablation  always  being  faster.  Although  data  from 
other  frequencies  were  obtained,  they  are  not  presented  here.  This  is  due  to  the  fact  that  the  laser’s  pulse  profile 
changes  considerably  at  different  repetition  rates  making  their  respective  ablation  rates  difficult  to  compare  for  our 
puiposes.  However  the  trend,  PBPA  ablation  being  faster  than  CA  ablation  is  the  same  for  all  repetition  rates  tested 
(between  1kHz  and  20kHz).  Furthermore  the  difference  between  CA  and  PBPA  ablation  rates  increases  dramatically 
as  the  repetition  rate  is  increased.  This  observation  suggests  that,  for  ablation  within  a  hole,  the  plume  generated  from 
one  pulse  is  able  to  shield  ablation  due  to  subsequent  pulses.  Using  a  1078nm  laser  to  drill  holes  in  steel  substrates, 
Kononenko  et  al  present  evidence  that  the  ablated  particles  from  preceding  pulses  caused  laser-induced  sparking  of 
the  atmosphere  (air)  when  hit  by  subsequent  pulses.  The  air  breakdown  due  to  the  laser  induced  sparking  caused 
significant  shielding  of  their  laser  and  also  resulted  in  sidewall  etching.  The  etching  caused  more  material  to  be 
vaporized,  increasing  the  amount  of  vaporized  particles  within  the  hole.  They  were  able  to  observe  these  effects 
even  when  using  ultrashort  pulses  at  repetition  rate  of  1  kHz.  In  order  to  examine  this  shielding  phenomenon  in  more 
detail  we  used  polycarbonate  targets  as  described  below. 


3 3  Hole  evolution  studies 


Polycarbonate  targets  were  used  for  all  hole  evolution  investigations  presented  here.  Polycarbonate  is 
transparent  and  therefore  facilitates  easy  observation  of  ablated  holes  without  any  cross  sectioning.  Furthermore 
polycarbonate  is  readily  available  in  thick  sheets  (>200|im)  whereas  polyimide  (Kapton  HN)  is  not.  In  all 
experiments  the  repetition  rate  was  fixed  at  1kHz  in  order  to  reduce  the  thermal  effects  on  the  polycarbonate  target. 
The  laser  fluence  was  fixed  at  30.57  J/cm2.  Figure  4  shows  typical  CA  ablated  holes  in  polycarbonate,  using  the 
experimental  configuration  depicted  in  Fig.  1(b).  Comparing  the  series  of  images  in  Fig.  4(a),  CA,  with  those  shown 
in  Fig.  4(b),  PBPA,  a  number  of  differences  are  readily  apparent.  Blunt  lump-like  structures  protruding  perpendicular 
from  the  hole  direction  can  be  seen  developing  as  early  as  10  pulses  for  PBPA  ablation.  They  are  not  evident  for  CA 
ablation  until  about  200  pulses  -  note  the  smooth  sides  of  the  50-pulse  CA  hole,  compared  with  the  rough  50-pulse 
PBPA  hole.  These  structures  are  most  likely  due  to  sidewall  etching  by  the  plasma  contained  within  the  hole.  The 
PBPA  holes  are  able  to  fill  with  air  in  between  pulses  and,  as  shown  by  the  TOF-SIMS  results,  dissociation  of  both 
oxygen  and  nitrogen  within  the  hole  will  occur  with  every  pulse.  This  hot  plasma  is  able  to  etch  the  sidewalls  very 
rapidly.  In  the  case  of  CA  ablation  however,  pulses  follow  rapidly  after  each  other.  As  the  hole  grows  it  is  likely 
that  the  air  within  the  holes  is  not  able  to  replace  itself  between  pulses,  the  oxygen,  which  comprises  of  only  16  %  in 
air  soon  becomes  depleted.  Thereafter  the  Zeldovich  mechanism  cannot  occur  and  the  remaining  nitrogen  (~78%  of 
air)  is  not  ionized.  This  reduces  the  heat  and  etching  capabilities  of  the  plasma,  and  the  limp  structures  are  not 
formed  as  readily.  After  200  pulses  lump  structure  formation  can  be  seen  within  the  CA  holes  (-300 pm  deep),  and 
this  effect  is  more  pronounced  after  500  pulses.  We  suggest  that  in  deep  CA  holes  so  much  material  vapor  is  trapped 
in  the  hole  that  subsequent  pulses  are  strongly  absorbed  and  each  pulse  re-ionizes  the  material  vapor.  Consequently 
the  material  vapor  not  only  shields  the  ablation  site,  but  also  etches  the  wall,  causing  even  more  sidewall  material  to 
vaporize  and  draw  into  the  hole. 

A  second  clear  difference  between  the  PBPA  and  CA  holes  is  the  amount  of  thermal  damage  around  the  hole. 
CA  holes  show  significant  thermal  damage  whereas  PBPA  holes  do  not.  This  is  expected  since  the  PBPA  target  has 
time  to  cool  down  between  pulses.  Consequently  it  is  likely  that  the  CA  pulses  “see”  a  very  different  target  material 
than  the  PBPA  pulses  do.  The  CA  pulses  hit  a  target  material  that  is  hot  and  probably  partially  molten  (large  molten 
droplets  are  always  seen  around  CA  holes  but  only  fine  droplets  are  found  around  PBPA  holes,  see  Fig.  5).  This 
material  will  have  different  physical  properties  (such  as  absorption  coefficients).  It  is  also  likely  to  appear  “softer” 
during  CA  ablation.  Figure  6  shows  an  interesting  phenomenon  related  to  the  softness  or  “constraint”  of  a  material. 
In  this  experiment  CA  holes  were  drilled  at  various  distances  from  the  edge  of  the  target,  i.e.  instead  of  the  400  pm 
marked  in  Fig.  1(b)  the  distance  was  changed.  As  can  be  seen  from  Fig.  6,  holes  drilled  closer  to  the  edge  of  the 
target  were  deeper.  The  edge  of  the  target  was  seen  to  bulge  out  around  the  ablation  site.  The  amount  of  bulging 
increased  as  the  hole  became  nearer  to  the  edge.  The  amount  of  constraint  on  the  material  around  the  hole  is  clearly 
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decreased  when  the  hole  is  closer  to  the  edge.  This  allows  the  hole  to  become  deeper  under  the  same  drilling 
conditions. 

In  addition  to  this  the  governing  ablation  mechanism  within  CA  and  PBPA  holes  may  be  very  different.  It  has 
been  argued  12  that  as  the  laser  fluence  increases,  the  ablation  mechanism  changes  from  “normal  vaporization”  to 
“explosive  Veiling”  (or  phase  explosion).  Normal  vaporization  occurs  at  the  extreme  outer  surface  of  a  molten  layer. 
Explosive  boiling  extends  to  a  depth  of  the  laser  light  absorption  length  and  is  due  to  a  rapid  transition  from 
superheated  liquid  to  a  mixture  of  vapor  and  small  liquid  droplets  from  the  surface.  In  the  case  of  PBPA  it  is  likely 
that  explosive  boiling  occurs,  resulting  in  the  fine  droplets  seen  around  the  PBPA  holes.  However,  in  the  case  of  CA, 
the  material  vapor  trapped  in  the  hole  shields  subsequent  laser  pulses  and  reduces  the  energy  deposited  onto  the 
ablation  surface.  The  absorbed  laser  energy  may  be  insufficient  for  explosive  boiling  to  occur,  and  normal 
vaporization  may  dominate  the  ablation  process.  As  materials  evaporate  from  the  ablated  site,  due  to  momentum 
conservation,  species  removal  from  surface  causes  a  recoil  pressure.  The  recoil  pressure  is  of  the  order  of  the 
saturated  vapor  pressure  and  acts  on  the  non-ablated  material  resulting  in  molten  layer  ejection  in  the  form  of  large 
droplets13.  This  mechanism  may  be  partially  responsible  for  the  large  droplets  of  material  seen  around  the  edges  of 
CA  holes.  Clearly  the  fact  that  CA  ablation  causes  greater  thermal  damage  to  the  material  on  the  sidewall  would  also 
assist  in  this  since  there  would  be  more  molten  /soften  material  to  be  etched. 

Figure  7(a)  shows  the  ablation  depth  plotted  against  number  of  pulses  for  PBPA  and  CA  ablation.  In  the  case  of 
PBPA,  ablation  depth  increases  linearly  with  the  number  of  pulses.  In  the  case  of  CA,  the  ablation  depth  increases 
consistently  with  the  first  60  pulses,  mimicking  the  PBPA  ablation  rate.  However,  after  about  50  pulses  (~200pm) 
the  CA  ablation  rate  decreases  significantly  and  the  PBPA  and  CA  curves  diverge.  This  suggests  that  once  the  CA 
hole  becomes  deeper  than  about  200pm  material  vapor  shielding  begins  to  dominate.  This  relationship  is  clearly 
dependent  on  the  target  material,  aspect  ratio  of  the  hole,  the  repetition  rate  and  laser  wavelength  of  the  laser. 
Dissociation  of  oxygen  and  nitrogen  in  the  is  likely  to  occur  only  at  a  distance  from  ablation  floor  where  sufficient 
air  is  available  in  the  CA  holes  since,  as  mentioned  before,  they  will  become  oxygen  starved  deeper  in  the  hole.  This 
dissociation  of  oxygen  and  nitrogen  in  the  CA  holes  may  be  caused  by  laser-induced  sparking8  or  by  the  hot  vapor  of 
each  pulse  reaching  its  first  supply  of  oxygen.  The  diameter  of  the  hole  opening  is  plotted  against  the  number  of 
pulses  in  Fig.  7(b).  It  is  found  that  the  hole  opening  increases  with  number  of  pulses  in  both  CA  and  PBPA  cases. 
The  CA  hole  opening  increases  to  around  50  pm,  whereas  the  PBPA  stabilizes  around  40  pm  after  50  pulses. 

Figure  8  shows  the  CA  ablation  depth  and  hole  opening  diameter  as  a  function  of  the  number  of  pulses.  After 
about  500  pulses  the  opening  diameter  stabilizes  at  around  70  pm.  The  ablation  depth  curve  shows  at  least  two 
distinct  regions.  Up  to  about  200  pulses  the  average  ablation  rate  is  about  2.45  pm  per  pulse.  Thereafter,  until  more 
than  1000  pulses  the  average  ablation  rate  drops  to  about  0.83  pm  per  pulse. 


4.  Conclusions 

A  study  of  polymer  ablation  by  a  355nm  pulse  laser  is  presented.  A  new  method  of  using  SIMS  to  analyze 
chemical  composition  of  debris  is  used.  Confocal  microscopy  was  used  to  determine  the  shape  of  holes  drilled  by 
continuous  pulsed  laser  ablation  (CA)  and  pulse-by-pulse  ablation  (PBPA)  and  to  measure  corresponding  ablation 
rates. 

For  TOF-SIMS  analysis,  the  debris  was  collected  on  a  substrate  placed  near  the  hole  and  parallel  to  the  laser 
beam.  Mass  resolved  images  of  the  collected  materials  show  hemispherical  shape  of  the  plume  with  a  distinct  edge. 
The  radius  of  plume  was  found  to  depend  on  the  laser  pulse  energy,  repetition  rate  and  gas  in  which  the  plume 
expanded.  The  plume  consisted  of  nitrogen  containing,  oxygen  containing  and  hydrocarbon  compounds  when 
ablation  in  air.  Ablation  in  N2  and  He  gave  traces  of  nitrogen  and  oxygen  containing  compounds.  This  was  explained 
by  the  Zeldovich  two-step  mechanism  when  thermal  dissociation  of  oxygen  molecules  in  air  enables  release  of 
atomic  nitrogen,  which  is  then  able  to  combine  with  ablated  molecules  at  the  front  of  the  plume. 

In  the  case  of  continuous  ablation  (CA)  in  deep  hole,  oxygen,  which  comprises  only  16%  of  air,  may  become 
rapidly  depleted  within.  With  the  depletion  of  oxygen,  dissociation  of  the  remaining  nitrogen  (which  comprises  78% 
of  fresh  air)  is  no  longer  possible  and  no  ionization  of  the  air  occurs.  This  means  that,  at  least  while  the  hole  is  fairly 
shallow,  sidewall  etching  within  CA  holes  is  suppressed  (at  the  hole  opening  oxygen  is  available  and  rapid  etching 
will  still  occur).  However,  as  the  hole  becomes  deeper,  sufficient  material  vapor  becomes  trapped  within  it  so  as  to 
cause  significant  absorption  of  incoming  radiation  from  subsequent  pulses.  This  incoming  radiation  continually  re¬ 
ionizes  the  material  vapor  allowing  it  to  etch  the  sidewalls  effectively. 
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In  pulse-by-pulse  ablation  (PBPA)  the  interval  between  pulses  is  very  long  (many  seconds).  Air  enters  the  hole 
between  pulses.  Since  there  is  always  a  ready  supply  of  oxygen,  dissociation  of  oxygen  and  nitrogen  within  the  air 
occurs  with  each  pulse.  This  causes  significant  etching  of  the  sidewalls  within  the  hole  even  for  relatively  shallow 
holes. 

Due  to  the  different  shielding  mechanisms  within  CA  and  PBPA  holes,  different  ablation  mechanisms  may 
dominate  each  case.  It  is  likely  that  normal  vaporization  dominates  CA  ablation,  while  PBPA  is  dominated  by 
explosive  boiling.  Other  factors  such  as  material  constraint  and  changing  absorption  properties  of  the  material  may 
affect  the  ablation  rates. 

Multi-pulse  ablation  of  deep  holes  within  polymers  is  highly  complex  and  further  studies  are  needed  in 
order  to  improve  our  understanding  of  this  important  industrial  process. 
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Fig.  1  Experimental  setup 


Laser  beam 


(a)  Plume  investigation  experimental  setup  00  Deep  hole  ablation  rate  experimental  setup 


Fig.  2  TOF-SIMS  plume  images  of  polyimide  (1mm  x  1mm  scan): 
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Fig.  3  Number  of  pulses  go  through  75  pm  polyimide  film  as  a  function  of  fluence 
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Depth  (mm) 


Fig.  5  Top  view  of  ablated  hole 


(a)  Continuous  ablation  (b)  Pulse  by  pulse  ablation 


Fig.  6  Effects  of  material  constrain  on  ablation  rate 
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Fig.  7  Ablation  depth  (a)  and  opening  (b)  as  a  function  of  number  of  pulses  at  initial  ablation 
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Fig.  8  Depth  and  opening  as  a  function  of  number  of  pulses  at  deeper  hole  (CA) 
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ABSTRACT 

The  material  transfer  from  the  target  to  the  substrate  involved  in  pulsed  laser  deposition  is  described  with  respect  to 
chemical  reactions  in  the  processing  gas  atmosphere  in  order  to  derive  the  laser  parameters  and  the  processing  variables 
necessary  for  the  deposition  of  thin  films  with  application-adapted  properties.  The  heating  and  removal  are  described  by 
the  conversion  of  the  optical  energy  into  internal  energy  followed  by  a  phase  transition  form  the  condensed  to  the 
gaseous  state.  The  delivered  energy  becomes  distributed  into  different  channels  of  decomposition  in  accordance  to  the 
temperature.  The  dynamics  of  the  volatile  species  is  calculated  by  the  use  of  non-dissipative  continuum  mechanical 
equations  of  the  conservation  laws  of  mass,  momentum,  and  energy.  The  flow  field  patterns  of  the  gas  phase  (density, 
velocity  and  pressure)  during  the  material  transfer  of  the  polymers  PE,  PP  and  PMMA  and  the  ceramic  A1203  are 
calculated.  The  modelling  calculations  are  directed  towards  the  spatial  and  temporal  dependence  of  the  total  and  partial 
pressures  either  of  the  materials  to  be  processed  or  of  the  processing  gas  species.  The  mathematical  models  are  applied 
to  the  polymers  PE,  PP,  and  PMMA  and  to  the  ceramic  A1203  following  the  chemical  composition  in  thermodynamic 
equilibrium.  The  main  emphasis  of  the  calculations  is  to  derive  parameters  and  processing  variables  for  pulsed  laser 
film  deposition  in  the  case  of  other  material  properties. 

Keywords:  Pulsed  laser  deposition,  dynamics,  polymers,  PE,  PP,  PMMA,  ceramics,  A1203 


1.  INTRODUCTION 

Pulsed  laser  deposition  (PLD)  is  conceptually  a  relatively  simple  technique,  which  consists  of  various  consecutive 
processes  separated  in  space  and  time:  energy  coupling  to  the  target  material,  removal  of  the  material  form  the  target, 
transfer  of  the  target  material  as  melt,  vapor,  and/or  plasma  to  the  substrate  via  the  processing  gas  phase,  and  the  growth 
of  thin  films  on  the  substrate.  The  outstanding  properties  during  PLD  of  thin  films  include  their  reproducibility,  accurate 
stoichiometry,  single  phase  purity  and/or  crystal  orientation.  On  the  other  hand,  hybrid  PLD2  using  additionally  rf- 
excited  electrical  fields  allows  the  particle  excitation  of  the  processing  gas  and  the  ion  bombardment  of  the  growing 
films  due  to  self-biasing  of  the  substrate  electrode  with  subsequent  acceleration  of  the  processing  gas  ions  to  the 
substrate.  In  comparison  with  techniques  using  ion  guns  as  the  source  of  the  energetic  species,  the  use  of  a  low  pressure 
gas  discharge  has  the  advantage  of  easy  process  scaling  for  industrial  applications. 

In  addition  to  excimer  lasers,  Nd:YAG  lasers,  and  C02  TEA  lasers,  as  the  most  frequently  ones  in  PLD,  ps-  and  fs- 
lasers  '  are  used  in  the  last  years,  and  recently  the  use  of  a  fast  axial  rf-excited  Q-switch  C02  cw-laser  with  a  maximum 
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average  output  power  of  5  kW  has  been  demonstrated  for  the  deposition  of  ceramics.5  Q-switching  is  done  with  a 
mechanical  unit  based  on  a  rotating  chopper  disc  with  slit-shaped  apertures.  The  repetition  rate  is  in  the  range  of  150  to 
3800  Hz,  the  pulse  duration  in  the  range  300  ns  up  to  some  fis,  the  maximum  pulse  energy  220  mJ,  the  peak  power  220 
kW  and  the  maximum  average  output  power  1050  W,  depending  on  the  Q-switch  parameters  and  on  the  temporal 
synchronization  of  the  Q-switch,  and  the  rf-excitation  of  the  laser  medium.  The  deposition  rate  is  higher  for  smaller 
pulse  durations  according  to  the  material  removal  rate.  The  maximum  deposition  rate  is  200  pm/pulse,  that  1  pm/s,  for 
example,  can  be  achieved  at  4  kHz  repetition  rate. 

After  more  than  a  decade  of  steady  increasing  basic  research  and  development  pulsed  laser  deposition  is  now  entering 
industrial  applications  and  will  share  the  market  with  the  existing  PVD  technologies  like  thermal  evaporation  and  the 
sputtering  processes.  Due  to  relatively  costly  laser  systems  first  applications  have  been  films,  that  are  difficult  to  deposit 
with  desired  composition  and  structure  using  conventional  technologies  like  multicomponent  ceramics  (e.  g. 
YBa2Cu307  for  SQUIDs,  SrBi2Ta209  or  PbZro,52Tio.4803  for  memory  and  sensor  applications)  or  thin  film  deposition 
with  restrictive  boundary  conditions  like  need  for  low  deposition  temperatures  (e.  g.  back  end  processing  on  CMOS 
structures  or  hard  coatings  on  polymer  surfaces).  PLD  also  can  produce  diamond-like  coatings6  that  make  a  surface 
nearly  diamond-hard,  or  the  process  can  apply  high-temperature  superconducting  thin  films  to  pave  the  way  for 
practical  superconducting  devices.  The  technique  also  has  the  potential  to  radically  enhance  other  devices,  including 
electroluminescent  displays  and  micro-optics.  Microwave  dielectric  thin  films,  for  example,  possess  an  overwhelming 
advantage  over  bulk  materials  in  several  aspects,  including  lower  operation  voltage,  faster  response,  feasibility  for 
epitaxial  growth,  and  most  of  all  a  non-linear  relationship  in  dielectric  properties,  which  increases  the  tunability. 
Therefore,  applications  of  these  thin  films  as  planar  capacitors,  coplanar  waveguides,  tunable  phase  shifters,  tunable 
mixers,  and  tunable  filters  have  been  extensively  investigated.  Among  the  microwave  dielectrics,  Bi203-Zn0-Nb205 
series  materials  exhibit  excellent  properties  such  as  high  dielectric  constant  and  low  dielectric  loss,  an  adjustable 
temperature  coefficient  of  the  resonance  frequency,  and  the  low  firing  temperature  necessary  for  sintering.  The  same 
desirable  microwave  dielectric  properties  are  expected  in  thin  film  form.  PLD7  compared  with  other  thin  film  deposition 
techniques  such  as  rf-sputtering,  sol-gel,  MOCVD  processes,  can  synthesize  the  multicomponent  materials  at  a  rapid 
rate  with  precise  control  of  composition.  PLD,  for  example,  is  adopted  for  synthesizing  Bi2(Znl/3Nb2/3)207  microwave 
dielectric  thin  films. 

Despite  the  simple  technique  the  underlying  process  control  in  PLD  has  to  be  quite  sensitive8  and  concequently 
complex  in  measuring  many  processing  parameters.  When  producing  a  diamond-like  coating,  for  example,  the  target  is 
graphite,  and  the  chamber  is  evacuated  to  about  10'5  Pa.  This  allows  the  plasma  ions  to  achieve  energies  up  to  1.5  keV 
and  leads  to  their  adherence  to  the  surface  in  a  diamond-like  crystal  with  a  hardness  of  60  -  70  GPa.  Creation  of  these 
high  energies  requires  minimum  laser  intensity  of  roughly  1011  W/cm2  for  1064-nm  infrared  light  and  10  W/cm2  for 
193-  or  248-nm  ultraviolet  (UV)  radiation.  The  UV  light  has  an  advantage  in  its  ability  to  reduce  splashing  of 
microparticles  ejected  from  the  target  surface,  because  light  in  this  wavelength  range  removes  the  material  in  large  part 
by  photon  sputtering  instead  of  thermal  removal.  For  diamond  growth,  the  substrate  surface  also  must  stay  cool,  which 
means  coating  rates  are  limited  to  about  0.01  -  0.02  nm,  per  pulse,  with  substrate  distances  of  5  or  10  cm.  In  addition, 
when  an  ambient  gas  such  as  oxygen  is  used  to  deposit  oxides,  process  complexity  grows  because  contact  with  the  gas 
rapidly  decelerates  the  plasma  flow.  The  ionization  energy  of  the  plasma  transfers  to  the  kinetic  energy  of  the  gas, 
which  reaches  supersonic  velocity  and  develops  into  a  shock  wave.  The  interaction  of  this  shock  wave  with  the 
substrate  limits  deposition  rates  for  oxides  to  about  0,1  nm  per  pulse,  or  approximately  one  complete  atomic  layer. 

According  to  the  capabilities  of  PLD  and  due  to  large  number  of  processing  variables  to  be  controlled  during  deposition 
modelling  of  the  overall  process,  especially  of  the  chemical  parameters,  is  most  helpful  in  order  to  be  able  to 
extrapolate,  for  example,  from  the  processing  windows  or  to  scale  to  other  sets  of  parameters,  respectively,  for  a  given 
material.  The  chemistry  of  the  gas  phase  greatly  influences  the  transfer  of  the  target  material  and  the  film  deposition  by 
interaction  with  the  gaseous  particles,  which  open  both  the  deposition  of  arbitrary  materials  and  the  generation  of 
various  film  structures.  Therefore,  models  will  be  described  for  the  laser-induced  removal  and  the  dynamics  of  the 
volatile  species  of  the  polymers  PE,  PP  and  PMMA  and  the  ceramic  A1203  following  the  volume-heating  of  the 
irradiated  materials  due  to  the  absorption  of  laser  radiation  within  the  optical  penetration  depth  and  a  phase  transition 
from  the  condensed  to  the  gaseous  state  of  the  material.  The  flow  field  pattern  of  the  gas  phase  (density,  velocity,  and 
pressure)  during  the  material  transfer  including  the  dynamics  of  the  volatile  species  is  calculated  by  the  use  of  non- 
dissipative  continuum  mechanical  equations  of  the  conservation  laws  of  mass,  momentum,  and  energy.  The  properties 
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to  be  calculated  are  the  total  pressure  and  the  partial  pressures  either  of  the  material  to  be  processed  or  of  the  processing 
gas  species  including  their  spatial  and  temporal  behaviour  during  pulsed  laser  deposition.  The  main  emphasis  of  the 
calculations  is  to  avoid  time  consuming  trial  and  error  film  deposition  in  the  case  of  other  material  properties,  laser 
parameters,  and  processing  variables.  In  relation  to  experimental  results  of  film  deposition  the  results  of  the  calculations 
are  expected  to  improve  the  film  deposition  with  high  reproducibility,  flexibility  and  homogeneity  according  to  the 
tailoring  of  their  properties  adapted  to  the  requirements  of  applications. 


2.  LASER-INDUCED  MATERIAL  REMOVAL 

The  laser  radiation  penetrating  the  material  is  absorbed  within  the  optical  penetration  depth  with  conversion  of  the 
optical  energy  absorbed  into  internal  energy  depending  on  the  photon  -  matter  -  interaction.  Within  the  interaction  zone 
and  the  surrounding  volume  the  temperature  may  rise  above  melting  temperature,  vaporization  temperature,  and/or 
degradation  temperature.  Since  the  materials  are  composed  by  elements,  which  may  form  different  molecules  and 
complexes  in  the  gaseous  state,  the  materials  may  be  removed  as  melt  (droplets),  clusters,  vapor,  and/or  plasma,  with 
the  vapor  and  plasma  composed  of  elements,  ions,  molecules,  and  complexes.  Disregarding  the  droplets  whose 
formation  becomes  less  probable  with  decreasing  pulse  duration  of  the  laser  radiation  and  the  clusters  the  gaseous  phase 
consists  mainly  in  atoms,  ions,  molecules,  and  complexes  with  the  composition  and  the  stochiometry  depending  on  the 
temperature  and  pressure.  The  material  undergoes  a  phase  transition  or  degradation  from  a  condensed  to  a  volatile  phase 
if  sufficient  optical  energy  is  converted  into  other  internal  energy  channels. 


3.  GASDYNAMICS  OF  POLYMERS 


3.1  The  model 

The  stochiometry  of  the  polymers  in  the  gas  phase-following  the  photon-matter-interaction  with  subsequent  conversion 
of  the  optical  energy  into  internal  energy  in  the  interaction  zone  and  the  surrounding  volume  (Section  2)-is  not  known 
apriory.  As  a  consequence  the  energy  ed  necessary  for  the  degradation  of  a  monomer  in  smaller  molecules  or  atoms 
might  change  during  the  removal  process  according  to  the  pressure  and  temperature  in  the  gas  phase.  The  energy 

ed(T)  =  Ahp  M  +  Ah(T)  +  Cv,  dpT  (1) 

Cv,  DP:  heat  capacity  of  the  degradation  products 

depends  on  the  enthalpy  difference  for  the  polymer-monomer  cracking  AhP,  M,  the  enthalpy  differences  for  creating 
smaller  molecules  Ah(T),  and  the  internal  energy  of  the  gas  phase  CV,DPT.  The  energy  density  of  degradation 

Fd  —  ed  •  n^ono  (2) 


is  proportional  to  the  density  of  monomers  nMono  in  the  polymer. 

The  energy  density  E  in  the  polymer,  due  to  the  absorption  of  laser  radiation  and  internal  heat  fluxes,  is  determined  by 
the  conservation  equation  of  energy 

BE 

—  +  vp  VE  =  al(z,  r,  t)  +  V  (KVT).  (3) 

vp:  velocity  of  material  removal, 
a:  absorption  coefficient, 

I:  power  density  of  the  laser  radiation, 

K:  thermal  conductivity, 
z,  r:  coordinates, 
t:  time. 
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The  degradation  of  the  polymer  starts  if  its  vapor  pressure  at  a  certain  temperature  Tini  -  Tini(P)  exceeds  the  pressure  of 
the  undisturbed  processing  gas  (ambient  gas).  The  corresponding  energy  density  E(z  =  0,  t  =  tini)  at  the  surface  of  the 
polymer  equals  the  energy  density  (Eqn.  2)  of  degradation  Ed(T;nj). 

Following  the  well-known  formalism  for  the  degradation  of  polymers  written  in  terms  of  a  reaction9  the  degradation  of 
PE10,  for  example,  is  described  by 


©1C2H4  +  ©2CH4  +  03C2H2  +  ©4H2  —  PE  —  0.  \  ) 

©i:  stochiometric  coefficients  of  the  species  i  (molecule  or  atom)  of  the  gas  phase  depending  on  the  temperature  and 
pressure. 

Using  the  partial  pressures  of  reaction  channels  with  each  channel  conserving  the  stochiometry  of  the  monomer  and  the 
stochiometry  coefficients  of  molecule/element  in  the  reaction  channel,  the  description  changes  from  the  unknown 
stochiometric  coefficients  to  the  normalized  partial  pressure  of  a  reaction  channel  yielding  in  the  calculation  of  the 
pressure  of  the  gas  phase  according  to  the  law  of  mass  action.9  The  formalism  is  described  in  more  detail  elsewhere. 
So  the  stoichiometry  and  the  vapor  pressure  are  in  mutual  interaction  depending  both  on  the  temperature.  Therefore,  the 
degradation  energy  per  monomer  (Eqn.  1)  depends  on  the  vapor  pressure  and  temperature. 

The  temperature  is  given  by 


T(Z,t): 


mono'*' v 


if  E  <nMonoCvTinj 


Tini  if  nMonoCvTi„i  <  E  <  Eini 
E  =  Ez  (T)  if  Eini  <E 


Cv:  heat  capacity  of  the  polymer. 


(5) 


In  the  first  step  of  heating  it  is  assumed,  that  an  increase  of  the  energy  is  proportional  to  an  increase  of  the  temperature, 
as  long  as  the  temperature  is  below  the  degradation  temperature  Tini.  In  the  second  step  the  energy  exceeds  the  first  level 
(E  >  nMonoCvTini)  and  it  is  assumed  that  the  excess  energy  is  used  for  rising  the  internal  energy  at  a  constant  temperature 
Ti„j.  In  the  last  step,  where  the  energy  exceeds  the  initial  degradation  energy  Ed(Tj„j),  the  temperature  is  obtained  by 
solving  the  implicit  equation  E=Ed(T). 


To  calculate  the  gasdynamical  properties  of  the  gas  phase  at  the  surface  of  the  irradiated  polymer  the  conservation 
equations  of  mass,  momentum,  and  energy  across  the  surface  have  to  be  solved.  The  physical  meaning  of  the 
dependence  of  the  degradation  process  on  the  pressure  P  of  the  gas  phase  (or  at  least  on  any  property  of  the  gas  phase) 
is  that  the  process  of  material  removal  depends  on  the  physical  state  of  the  ambient  or  processing  gas.  So  to  close  the 
corresponding  system  of  equations  one  has  to  introduce  the  state  equations  of  the  vapor/gas  phase.  The  dynamics  of  the 
vapor/gas  phase  will  be  given  by  the  conservation  equations  of  mass,  momentum,  and  energy  taking  the  thermophysical 
properties  form  the  literature.12, 13' 14 


3.2  Results  and  discussion 

For  polypropylen  (PP)  the  vapor  pressure  as  a  function  of  temperature  increases  (Fig.  1)  as  for  polypropylen  (PE)  and 
polymethylmethacrylat  (PMMA).11  The  fractions  of  monomers  in  the  vapor  phase  decrease  with  increasing  temperature, 
because  they  are  decomposed  into  smaller  molecules  or  atoms  (Figure  1)  since  PP  degrades  into  its  monomers  at  high 
temperatures. 
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Fig.  1:  Vapor  pressure  Ps  of  PE  and  the  normalized  partial  pressures  P*  (normalized  to  Ps)  as  a  function  of 
temperature. 


zlmml  i|min|  z(mm, 

Fig.  2.  Pressure  distribution  (left),  velocity  field  (middle),  and  mass  density  (right)  of  the  removed  material  600  ns 
after  the  beginning  of  the  laser  pulse  for  PE  (absorption  coefficient  a  =  1.6  *  105  m1;  fluence  E  =  3  J/cm2, 
pulse  duration  Tfwhm  =  30  ns,  wavelength  X  =  248  nm,  beam  radius  r„  =  400  /xm,  pressure  of  the  nitrogen 
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As  seen  from  the  pressure  distribution  (Figure  2)  and  results  reported"  the  distance  of  the  shock  front  from  the  surface 
is  approximately  1  mm,  so  the  velocity  of  the  shock  front  is  smallest  for  PP  and  largest  for  PMMA.  This  corresponds  to 
the  maximum  vapor  pressure,  which  is  largest  for  PMMA.  Due  to  the  gradients  of  the  pressure  the  velocity  has  also  the 
largest  values  for  PMMA.  The  different  expansion  behaviour  is  attributed  to  the  different  values  of  the  optical 
penetration  depth.  PMMA  has  the  smallest  one  and  so  the  power  density  within  the  polymer  is  the  highest  one 
compared  to  PE  and  PP  leading  to  a  higher  temperature  and  therefore,  to  a  higher  pressure  at  the  surface  of  the  polymer. 
A  further  difference  in  the  expansion  behaviour  is,  that  for  PMMA  and  PE  the  maximum  pressure  is  in  the  vicinity  of 
the  shock  front,  where  for  PP  it  is  near  the  surface.  This  corresponds  to  the  down  stream  behaviour  at  the  surface.  The 
magnitude  of  the  velocity  for  PMMA  is  virtually  zero,  for  PP  it  is  of  considerable  magnitude.  This  means  that  for  PP  the 
material  removal  is  still  working  creating  highest  density"  and  pressure  at  the  surface  of  the  irradiated  polymer.  For 
PMMA  the  removal  is  terminated  and  the  surplus  of  pressure  is  removed  due  to  the  expansion. 


4.  GASDYNAMICS  OF  CERAMICS 

4.1.  Properties  of  gases  in  thermodynamic  equilibrium 

All  thermodynamic  properties  of  a  gas  can  be  obtained  from  one  of  the  generalized  thermodynamic  potentials  expressed 
as  a  function  of  appropriate  variables,  for  example  F(T,  p),  where  F  is  the  free  energy  density  depending  on  temperature 
T  and  density  p.  The  internal  energy  e(im>  of  a  gas  is  in  general  made  up  of  contributions  which  correspond  to  the 
different  degrees  of  freedom  of  a  gas,  as  for  example,  translational  motion,  rotation  and  vibration  of  the  molecules,  or 
electronic  exitation  of  the  atoms  and  molecules.  There  are  also  contributions  which  correspond  to  molecular 
dissociation,  chemical  reactions,  and  ionisation.  The  most  rigorous  and  consistent  method  for  finding  the 
thermodynamic  functions  is  the  method  of  partition  functions,  based  on  statistical  mechanics.  A  detailed  discription  can 
be  found  in  the  literature.  According  to  statistical  mechanics  the  partition  function  Q  of  a  system  consiting  of  N  particles 
with  possible  energy  levels  e„is  given  by 

e=2<^  <« 


Considering  a  mixture  of  perfect  gases  consisting  of  several  kinds  of  Na  molecules  and  atoms,  the  partition  function  can 
be  factored  into  a  product  of  co-factors,  each  corresponding  to  particles  of  one  kind 


<2  =  n 

a 


Q*° 

N  ! 

*  1  a 


(7) 


Here  Qa  are  the  partition  functions  of  type  a.  The  free  energy  density  F  and  the  specific  internal  energy  e(M>  of  such  a 
system  are  given  by 


f  =  = 

a 


-Y,c„KT 


a 


c  N  V 

’■'or’  av  j 


(8) 


e(int> 


(9) 


Where  ca  =  naINA  denotes  the  concentration  and  Ra  the  specific  gas  constant.  Here  na  is  the  particle  density  and  NA  the 
Avogadro  constant.  The  specific  internal  energy  i.  e.  the  caloric  equation  of  state  gives  e{m,)  =  e<ml>  (p,T).  This  is  in 
contrast  to  the  situation  of  a  non-reacting  perfect  gas,  where  el"u>=e<m,>  (T).  The  thermal  equation  of  state  for  a  mixture 
of  perfect  gases  is  given  by 
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(10) 


'ZpcKT- 


Neglecting  any  interaction  beween  electronic,  vibrational,  and  rotational  states,  and  considering  molecules  as  rigid 
rotators  and  the  vibrations  as  harmonic,  the  degrees  of  freeedom  are  independent.  The  partition  functions  can  be 
factorized 


Qa=QTQTQTQrQ7-  ud 

Here  Qa(  *  denotes  the  partition  function  of  the  degree  of  freedom  m  and  m  =  0  denotes  the  ground  state.  The  ground 
state  energy  of  atoms  is  set  to  zero,  the  ground  state  energy  of  molecules  is  set  to  the  dissociation  energy  and  the  ground 
state  energy  of  ions  is  set  to  the  ionisation  energy.  The  partition  functions  Qa(m)  are  given  by 


i-l 

=  £ 


8a(k)^ 


where  is  the  statistical  weight  of  energy  level  k  of  degree  of  freedom  m.  The  explicit  expressions  for  the  partition 
functions  and  internal  energies  are  taken  from  the  literature  including  the  coupling  between  rotational  and  vibrational 
excitations. 

4.2  Chemical  composition  of  gases  in  thermodynamic  equilibrium 

The  chemical  composition  of  a  mixture  of  gases  can  change  due  to  chemical  reactions,  dissociation  and  ionisation.  In 
thermodynamic  equilibrium  from  a  macroscopic  point  of  view  there  are  a  constant  energy  distribution  and  a  constant 
chemical  composition.  Therefore,  time  dependent  variations  of  the  concentrations  ca  vanish.  In  order  to  calculate  the 
chemical  composition  it  is  necessary  to  determine  the  gas  components  and  the  involved  reaction  mechanisms,  e.  g. 
chemical  reactions,  dissociation,  or  ionisation.  Let  the  chemical  composition  of  a  mixture  of  gases  be  determined 
through  R  reactions  (r  =  R),  with  r’  forward  and  r”  backward  reactions.  In  thermodynamic  equilibrium  the  free 

energy  density  F  has  a  minimum  at  constant  temperature  and  particle  number.  The  necessary  condition  for  a  minimum 
of  the  free  energy  with  respect  to  the  concentration  is 


Zj  J-  dca=  0. 

“  l  C°  JT  ■<>« 


All  concentrations  ca  are  determined  through  reaction  equations  given  by 

<u- 


Here  d is  the  reaction  increment  and 
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are  the  stoichiometric  coefficients.  The  stoichiometric  coefficients  determine  how  many  particles  participate  as  educt  or 
as  product  in  the  reactions.  A  minimum  of  the  free  energy  exists  if  all  coefficients  of  the  reaction  increments  vanish. 


dF 

\dCa 


=  0. 


(15) 


TSfita 


Equ.  15  represents  a  system  of  equations  describing  the  reactions.  Performing  the  differentiation  of  the  free  energy  with 
respect  to  the  concentrations  the  law  of  mass  action 


I* 


)- 


n 


Qa 


nav 


(<nyr)) 


=  Kcr(T ) 


(16) 


is  obtained.  The  equilibrium  constants  (Equ.  16)  determined  by  the  partition  functions  Qa  depend  only  on  the 
temperature.  In  order  to  calculate  the  equilibrium  composition  the  elementary  composition  of  the  mixture  must  be 
specified.  The  concentrations  of  the  atoms  cs  (s  =  1,  ....  S)  are  expressed  in  terms  of  the  concentrations  of  the 
components 


c  =Yd  c  (17) 

a 

where  dsa  determines  how  many  atoms  of  an  element  s  are  bound  in  a  mixture  component  a.  Due  to  the  mass 
conservation  of  elements  the  concentrations  cs  are  invariant  with  respect  to  the  reactions.  The  concentrations  cs  and  thus 

the  elementary  composition  of  the  mixture  are  specified  by  reference  mole  fractions  ya  ^  .  The  mole  fractions  are 

defined  by  ya=Ca/c  with  c  =  ^ca  .  The  constraints  for  the  concentrations  are  given  by 

a 

cs  =^dsaca  =  c^d^y™ .  (18) 

a  a 

For  a  gas  mixture  consisting  of  N  components  up  to  now  there  are  R  +  S  equations.  R  equations  (Equ.  16)  for  all  the 
possible  reactions  and  S  equations  (Equ.  18)  given  by  the  mass  conservation  of  elements.  Using  the  S  equations  given 
by  the  mass  conservation  of  elements  the  reaction  mechanism  must  be  specified  by  R*  =  N  -  S  independent  reactions. 
This  set  of  N  nonlinear  equations  can  be  solved  with  a  Newton-Raphson  method.  Once  the  composition  of  the  mixture 
of  gases  is  calculated  the  thermal  equation  of  state  p  =  p  (p,  T)  and  the  caloric  equation  of  state  e  =  e  (p,  T)  are  known, 
too.  For  the  solution  of  the  Euler  equations  the  pressure  p  =  p  (p,  e)  and  the  velocity  of  sound  c  =  c  (p,  e)  can  been 
precalculated  and  expressed  by  curve  fits  in  the  p,  e  plan  (Section  4.3). 


4.3  Composition  of  an  gas  mixture  in  equilibrium  with  AI2O3 

The  composition  of  the  gas  mixture  above  an  A1203  target  evaporating  into  vacuum  has  been  investigated  by 
spectroscopic  and  mass-spectrometric  methods.  The  identified  components  are  O,  02,  Al,  Al2,  AlO,  A102,  A120  and 
A1203.  The  elementary  composition  for  a  gas  mixture  consisting  of  these  components  is  specified  through  the  reference 
mole  fractions 


jg  =0.666....,  yW>  =0.333...., 


.(ref) 


=  0Va^  A\20202. 


(19) 
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If  the  temperature  and  the  density  or  the  pressure  are  given  the  equilibrium  composition  can  be  calculated  using  the 
mass  conservation  of  elements  yielding  equations  for  Al,  O  and  e'  and  the  following  reactions 


ai2o2 

<=> 

2A1  +  20 

02 

<=> 

20 

A12 

<=$> 

2A1 

AlO 

<=> 

Al  +  O 

A102 

<=> 

A1  +  20 

ai2o 

<=> 

2A1  +  0 

AlO 

AlO*  +  e 

Al20 

AUO*  +  e 

ai2o2 

<=> 

Al20\  +e 

0 

0*  +  e 

0+ 

<=> 

O **  +  e 

O** 

<=> 

O ***  +  e 

Al 

<=> 

Al *  +  e 

Al* 

<=> 

Al**  +  e 

Al** 

<=> 

Al***  +  e 

Al*** 

<=> 

Al****  +  e 

Fig.  3  shows  the  mole  fractions  ya  as  a  function  of  the  temperature  wihtin  a  temperature  range  between  1000  K  and 
50000  K  for  a  pressure  of  1  bar.  The  mole  fractions  of  the  molecule  AI2O  and  of  all  positive  charged  molecules  are 
below  2  -102.  Below  2000  K  only  the  molecules  A1202  are  existing.  These  molecules  dissociate  with  increasing 
temperature.  Within  a  temperature  range  between  3000  K  and  4000  K  maxima  of  the  molecules  Al20  and  AlO  are 
present.  With  increasing  temperature  these  molecules  dissociate  into  their  atomic  components.  The  ionisation  of  Al  and 
O  occurs  above  5000  K  and  higher  ionisation  levels  can  be  seen  above  12000  K.  Each  ionisation  level  contributes  to  an 
stepwise  increase  of  the  mole  fraction  ye.  of  the  electrons. 
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5.  CONCLUSION 


The  modelling  of  chemical  processes  during  pulsed  laser  deposition  describes  the  processes  of  material  removal  of  the 
polymers  PE,  PP,  and  PMMA  and  the  ceramic  A1203  in  terms  of  a  reaction  depending  on  the  dynamical  state  of  the  gas 
phase  of  the  volatile  species.  The  processing  energy  is  distributed  into  different  channels  of  decomposition  resulting  in 
changes  of  the  chemical  composition  of  the  gas  phase  with  subsequent  changes  of  its  flow  field  and  temperature.  Since 
any  state  of  the  gas  phase  requires  a  certain  decomposition  of  the  materials  into  molecules  or  atoms,  as  feedback  the 
energy  of  degradation  changes  during  the  removal  process  and  consequently  the  dynamics  of  the  gaseous  phase  that  in 
micro-machining,  for  example,  the  slope  of  the  depth  of  material  removal  as  a  function  of  the  fluence  decreases  with 
increasing  fluence. 
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ABSTRACT 

Surface  of  solids  play  a  leading  role  in  any  process  of  interaction  between  solids,  solids-liquids,  solids-gases  and 
solids-plasma.  Microgeometry  (roughness)  is  a  key  parameter  of  the  solids  surface  which  influence  a  lot  mechanical, 
optical,  electronic,  chemical,  thermical  and  other  characteristics. 

Nowadays  the  laser-based  technologies  is  a  great  challenge  to  improve  a  surface  microgeometry  (SM)  quality  and 
controllability. 

Different  laser-based  surface  processing  are  considered: 

-  surface  microstructuring  and  control  of  roughness  by  laser  ablation, 

-  surface  microstructuring  based  on  creation  of  surface  electromagnetic  waves  (SEW)  and  surface  periodic  structures 

(SPS),  ^ 

-  surface  smoothing  and  microstructuring  based  on  laser  heating  till  melting  and  further  phenomena  in  a  melted  phase. 

Some  examples  of  laser  applications  to  improve  optical,  tribological  and  other  surface  characteristic  are  considered 
and  analyzed. 

Future  prospects  of  this  field  are  discussed. 

1.  INTRODUCTION 

Life  generally  is  an  interaction  of  surrounding  bodies,  medias  and  fields.  And  the  interface  dividing  them  is  the  place 
where  phenomena  of  interaction  act.  All  subjects  of  living  and  unliving  nature  as  well  as  artificial  objects  have  surfaces 
are  never  absolutely  smooth.  The  surface  is  always  rough  to  some  degree.  The  degree  of  roughness  strongly  influences 
the  workability  of  any  machine,  device  etc.  The  roughness  of  a  surface  is  the  first  factor  which  meets  any  blow,  friction, 
crush,  or  action  of  a  liquid,  vapor,  gas  or  plasma.  Mechanical,  but  also  physical  properties  (such  as  optical,  acoustical, 
electrical,  magnetic,  thermical  etc)  of  solids  are  affected  by  roughness  to  a  high  degree. 

Different  phenomena  of  the  interaction  of  solid  with  other  medias  —  solids,  liquids,  gases  which  are  highly 
influenced  by  roughness  have  been  investigated  in  the  Laboratory  of  Surface  Quality  IFMO  for  many  years.  The  list  of 
the  most  important  phenomena  of  solid  surface  interaction  is  presented  in  Table  1,  and  service  characteristics  of 
interacted  surfaces  are  in  Table  2  .  A  general  view  of  some  optimal  microreliefs  of  surfaces  is  given  in  Fig.  1. 

The  roughness  standard  covers  the  region  of  deviations  about  the  ideal  surface  from  320  pm  (1st  class  of  cleanliness) 
through  0.05  pm  (14s1  class  of  cleanliness).Because  of  the  important  role  of  a  surface  quality,  many  methods  have  been 
suggested  and  investigated  to  control  a  surface  roughness,  among  them  mechanical,  chemical  and  thermal. 

There  is  no  time  and  place  to  analyze  every  of  them,  but  mechanical  methods  lead  generally  to  an  appearance  of 
mechanical  defects  to  some  degree.  Chemical  methods  are  good  for  smoothing  but  are  very  limited  for  microstructuring 
of  surfaces  because  of  the  need  of  many  stencils. 


That  is  why  the  development  of  new  methods  for  control  of  surface  roughness  is  very  important  always,  especially  in 
the  age  of  nanodevices,  nanoparticles,  nanotribology,  etc.,  when  the  size  of  some  details  are  comparable  with  the 
roughness. 

On  the  other  hand,  the  latest  progress  in  the  laser  technique  makes  to  be  possible  a  strongly  controllable  laser 
modification  of  surface  topology  due  to  the  following  reasons: 

Photon  Processing  in  Microelectronics  and  Photonics,  Koji  Sugioka,  Malcolm  C.  Gower, 
Richard  F.  Haglund,  Jr.,  Alberto  Piqu6,  Frank  Trager,  Jan  J.  Dubowski,  Willem  Hoving,  Editors, 
Proceedings  of  SPIE  Voi.  4637  (2002)  ©2002  SPIE  ■  0277-786X/02/$15.00 


1)  a  choice  of  various  wavelengths  (especially  deep  UV  and  non-linear  absorption  at  femtosecond  pulses)  provides 
extremely  high  absorption  (a)  and,  correspondingly,  a  very  small  penetration  depth  8  =  /a>  (where  a  —  Bouger 
coefficient)  of  the  light, 

2)  ultrashort  laser  pulses  (less  than  10~9  s  such  as  10~12  s,  10"15  s  and  even  less)  along  with  the  small  8  make  possible  a 
strictly  dozed  ablation  of  material  and  strong  decrease  of  the  heat  transfer  from  the  irradiated  zone, 

3)  development  of  focusing-scanning,  mask-projection  and  combined  optical  techniques  allows  to  realize  very  well 
localized  surface  microstructures  at  large  areas  of  treatment, 


Table  1.  Different  sorts  of  surface  interaction  of  solid 


Interaction  with  solid 

Interaction  with  liquid 

Interaction  with  gas 

Mechanical 

Rolling  and  sliding  friction 

Static  and  dynamic  loading 

Streamlining  by  liquids 

Streamlining  by  gases 

Chemical 

Catalysis,  adhesion 

Wet  ability,  corrosion 

Adsorption,  corrosion 

Electromagnetic  _ 

Reflection  and  refraction  of 
electromagnetic  waves 

Reflection  and  refraction  of 
electromagnetic  waves 

Reflection  and  refraction  of 
electromagnetic  waves 

Electrostatic 

Electrical  conductivity 

Galvanic  effects 

Electron  emission 

Electrization 

Electrization 

Electrization 

Thermal 

Heat  transfer 

Thermal  contact 

Heat  reflection 

1.  Anticorrosion  relief 

Ri  <Ra 


2.  Antiemission 
(electrically  protective)  relief 

Ri  >R> 


3.  Emission  relief 


R[  «R2 


4.  Optimal  friction  relief 


S,<S2 


5.  Hermetic  relief 
Ri  ~R2 


/VJOAJVJVJUl 

Ri 


S2 


1  - V.  J  \ 


Si 

r2 


Ri 


Fig.  1.  Some  optimal  surface  reliefs. 
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Table  2.  Relationships  between  service  characteristics  and  geometric  microrelief  parameters 
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4)  modem  achievements  in  laser-matter  interaction  investigations  allow  to  realize  a  broad  range  of  surface  modification 
processes  from  structuring  to  smoothing. 

Nowadays  the  area  of  laser-based  surface  modification  attracts  more  and  more  attention  of  different  research  groups.  At 
least  here  should  be  mentioned  M.Gower  et  al.2,  V.I.Konov  et  al.3,  H. Weber  et  al.4,  V.P.Veiko  et  al.5,  C.M.Geiger  et  al.6, 

I.Myamoto  et  al.7,  A.C.Tam  et  al.8,  JJiang  et  al.9  and  others  (look  below). 

Thus  it  looks  like  it  would  be  just  the  time  to  summarize  results  which  have  been  received  already  in  this  field  for  better 
understanding  future  directions  and  steps. 

2.  LASER-BASED  METHODS  FOR  SURFACE  MICROGEOMETRY  MODIFICATION  (LSM) 

The  laser-based  surface  microstructuring  has  the  following  main  directions: 

1.  Creation  of  new  micro-  and  nano-devices  for  microoptics,  photonics,  microfluidics,  micromechanics, 
microelectronics  etc. 

2.  Modification  of  surface  structure  to  improve  various  service  characteristics:  tribological  performance,  emission 
ability,  wet  ability  etc. 

In  my  opinion  when  the  first  direction  successfully  develops  in  many  areas  the  second  one  only  makes  first  steps.  At  the 
same  time  it  has  a  big  potential  for  the  laser  technology  to  increase  influence  on  this  very  broad  market  —  from  mechanical 
pairs  through  space  apparatus  (satellites  protection)  etc. 

There  are  different  ways  to  modify  the  surface  relief  by  laser  action  on  to  a  solid.  Let  us  analyze  the  most  important  of 
them: 

1 .  Surface  microstructuring  based  on  local  evaporation-ablation  of  a  matter. 

2.  Control  of  roughness  based  on  evaporation-ablation  —  laser  polishing. 

3.  Surface  microstructuring  based  on  creation  of  surface  electromagnetic  waves  (SEW)  and  surface  periodic  structures 
(SPS). 

4.  Microstructuring  based  on  LASER-LIGA. 

5.  Surface  smoothing  based  on  the  laser  heating  to  a  melting  point  and  further  phenomena  in  a  melted  phase. 

6.  Surface  microstructuring  based  on  a  laser  heating. 

2.1.  LSM  based  on  laser  ablation 

Laser  ablation  is  the  most  suitable  process  for  a  surface  microstructuring  and  for  a  roughness  control.  In  this  case  we 
mean  evaporation  under  ablation  because  it  is  the  most  controllable  (in  depth,  at  least)  mechanism  of  ablation.  This  is  well 
known,  universal,  relatively  high  productive  and  simple  method. 

For  this  purpose  it  is  possible  to  use  any  laser,  which  allows  to  obtain  the  power  density  qth  about10 


4th  ~ 


(1) 


where  T  is  evaporation  temperature,  k  —  thermoconductivity  and  a  —  thermodiffusivity  coefficients,  A  —  absorption 
of  light,  x  — pulse  duration  (action  time),  which  is  enough  for  evaporation  of  any  materials.  At  typical  parameters  of  a 
microrelief  structure  r0  ~  10  pm  it  takes  the  laser  with  power  P>qS  ~  104  W. 

Let  us  note,  that  pulse-repetition  (PR)  lasers  are  much  better  for  microstructuring  than  continuous  waves  (CW)  lasers. 
CW  lasers  are  not  optimal  for  the  surface  microstructuring  because  they  produce  relatively  large  and  difficult  to  control 

heat-affected  zone  (for  melting,  oxidizing,  recrystallization  etc )  with  the  size  rnp  ~  -Jar  ,  where  X  in  this  case  depends  on 
the  scanning  speed,  as  X  ~  r0/Vsc .  For  example  at  Vsc  ~1  cm/s  x  ~  1(T2  s  for  metals  which  is  strongly  limits 
parameters  of  microstructures. 

Beside  of  that  a  CW  laser  is  not  optimal  for  microstructuring  because  of  energy  losses.  The  relationship  of  PR  and  CW 
laser  power  when  it  reaches  the  same  temperature  can  be  calculated  by  the  formula  as,  : 
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Ppp/Pav=fTr0/JctT 

At  f  =  10  Hz,  T  =  10  s,  r0  =  10'"  cm  —  Ppp  /  Pov  ~  1 ,  but  quickly  goes  down  with  the  decrease  of  T  and  for  short 
pulses  PR  laser  is  much  more  effective  than  CW. 

The  thickness  of  an  evaporated  layer  hn  at  the  given  power  density  depends  on  the  pulse  duration  t .  It  can  be  easy 
estimated  in  Ae  case  (which  is  close  to  experimental  conditions  the  shorter  the  better  the  laser  pulse)  when  the  whole  energy 
goes  to  evaporation  of  Ae  material  (heat  losses  are  negligible) 

K  =  Vn-T  =  -2-r  (2) 

La 

where  Vn  Ae  speed  of  evaporation  —  speed  of  a  solid— gas  interface  motion,  Ln  —  specific  energy  of  evaporation. 

Typical  values  for  hn  at  q  ~  10s  W/cm2  (Ve  =2103  cm/s)  for  steel  (when  screening  effect  is  negligible  which  is  true 
for  a  surface  microstructuring  wiA  a  short  pulses)  is  given  at  Ae  Table  3. 

Table  3.  Thickness  of  evaporated  layer  hn  under  laser  action  with  the  various  pulse  duration  r 


T ,  S 

10^ 

icr9 

HF5 - 

K  ’ m 

2-icr5 

2-icr8 

2-icr11 

One  can  see  Ae  excellent  controllability  of  the  hight  parameters  of  a  roughness  are  under  Ae  short  laser  pulses. 

When  a  pulse  laser  is  used  no  any  visible  limitation  for  Ae  degree  of  structuring  of  surface  while  reasonable  for 
machine-  and  instrument-building  industry  about  light  wavelengA  (~  0.5  pm). 

But  it  may  take  a  lot  of  time  to  produce  very  complicated  structures.  That  is  why  for  industrial  microstructuring  it  is 
necessary  to  use  laser  wiA  high  enough  pulse  repetition  rate. 

The  next  limitation  for  lasers  is  Ae  wavelengA  of  radiation  primarily  from  pure  energetic  reasons,  absorption  coefficient 
(look  formula  (1)). 

The  most  suitable  lasers  for  surface  microstructuring  are  presented  at  Ae  Table  4. 


Table  4.  Parameters  of  laser  for  IMS  by  evaporation 


Parameters 

Comment:  tentative  matter 
for  LSM 

A,  pM 

t ,  s 

f.  Hz 

Average 
power,  W 

Excimer  lasers 

:  ■ 

102 

100 

non-metals,  composits, 
plastics 

Q-switching  YAG:Nd 
laser 

iesih 

WM 

20 

Pulsed  COi-laser 

Glasses,  plastics,  composits, 
metals 

Laser  on  vapor 
of  Cu 

wm 

20 

A  focused  laser  beam  as  projected  through  Ae  mask  (so  called  projection  meAod)10  can  be  applied  for  LSM.  The  role  of 
focusing  will  be  discussed  in  Ae  next  section. 
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A  laser  beam  in  opposite  to  a  mechanical  tool  do  not  wear  out,  and  in  difference  from  chemical  methods  permits  more 
easy  localization  of  area  of  processing. 


Photographs  of  surfaces  microstructured  by  laser  radiation  are  presented  in  Fig.  2. 


a)  b)  c)  d) 

Fig.  2.  Microstructures  produced  on  different  surfaces  by  a  laser  evaporation: 
a  —  REM  image  of  a  structured  steel  surface  for  improving  tribological  performance  (Q-switched  Nd-YAG  laser)  , 
b  —  part  of  the  surface  profile  of  the  diamond  four— level  cylindrical  Fresnell  lens  (KrF-laser)12;  c,  d  —  microoptical  surfaces  fabricated 
by  KrF-laser  micromachining  and  orthogonal  mask-dragging:  c)  cesium  iodide  far-infrared  optical  crystal,  d)  polycarbonate  . 

2.2.  Laser  control  of  roughness 


This  method  is  also  based  on  laser  evaporation  and  permits  to  control  the  height  and  depth  of  roughness  based  on  correct 
focusing  of  laser  beam14.  During  treatment  with  divergent  beam-power  density  at  selected  level  h  of  roughness 
corresponds  to  a  threshold  q!h  (formula  1),  that  is  why  below  h  q  is  not  enough  to  ablate  material.  Result  is  the  roughness 
height  decrease  as  shown  in  Fig.  3,  a.  Having  a  good  control  of  focal  plane  position,  it  is  possible  to  decrease  the  roughness 
to  desirable  degree.  The  most  controlled  situation  is  fa-  sublimating  (evaporating  from  solid  phase)  materials  like  diamond 
Konov  et  al.3  demonstrated  the  excellent  quality  of  laser  polishing  for  thick  diamond  coatings  (see  Fig.  3,  b,  c). 


Fig.  3.  Scheme  of  laser-based  control  of  roughness  (a)14  and  resulting  SEM-images  of  thick  diamond  films  before  and  after  the  laser 

polishing  by  Cu-vapor  (b)  and  ArF  (c)  lasers3. 

One  can  observe  the  opposite  situation  for  a  processing  in  a  coincident  beam.  The  power  density  is  greater  in  valleys  of 
the  relief  than  on  peaks  and  the  height  of  the  relief  becomes  more. 

The  final  height  of  the  relief  depends  only  on  the  numerical  aperture  of  an  optical  system  NA,  distance  between  the  lens 
and  surface  l  and  the  accuracy  of  its  position,  and,  of  course,  from  the  material  and  laser  power  P  : 
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(3) 


,  ..  ,  NA  P 


In  case  of  metals  which  evaporates  from  the  melt,  the  situation  is  more  complicated  because  of  much  more  phenomena 
involved  in  the  process  of  surface  modification,  such  as  melting,  thermocapillary  flowing,  viscosity  friction  at  heating  and 
cooling  etc.  1 


This  way  of  a  surface  processing  allows  to  control  only  height  parameters  of  roughness  but  is  not  able  to  change 
distribution  of  them  on  die  surface. 

2.3.  LMS  based  on  surface  electromagnetic  waves  (SEW)  and  surface  periodic  structures  (SPS) 

At  some  special  conditions  surface  electromagnetic  waves  inevitably  appear  to  fullfill  the  law  of  energy  conservation  at 
the  surface  of  solids.  Most  important  condition  of  SEW  generation  is  that  one  of  two  contacted  media  should  have  negative 
dielectric  permeability  (negative  polarizability).  In  die  visible  region  metals  and  sometimes  semiconductors  have  such 
parameters  and  that  why  one  calls  diem  “surface-active  media”.  A  polarized  light  and  an  inclined  incidence  are  also 
necessary  to  produce  running  SEW  which  can  interfere  with  an  incident  light.  Such  kind  of  interaction  produces  new 
intensity  distribution  modulated  by  a  parameter  of  the  resonance  grating.  The  resonance  parameter  is  always  exists  on  the 
real  surface  in  the  spatial  spectrum  of  random  surface  roughness. 

The  modulated  intensity  distribution  at  high  enough  value  can  cause  corresponding  spatially  inhomogeneous  heating, 
melting,  evaporation  and  other  concomitant  to  heating  phenomena  and  finally  produces  the  SPS. 

Direct  physical  mechanisms  of  the  SPS  formation  in  different  conditions  may  be  evaporation,  melting,  thermal 
deformations  etc.  Many  phenomena  play  their  roles  in  this  process,  such  as  inhomogeneous  recoil  vapors  pressure, 
thermocapillary  effect,  thermochemical  reaction,  generating  surface  defects  etc.  Anyway,  an  SPS  appears  at  the  surface  after 
its  cooling  in  die  shape  of  some  microstructure  (Fig.  4). 

The  SPS  formation  has  an  universal  character.  It  is  being  observed  on  metals,  semiconductors  and  dielectrics  in  a  wide 
range  of  wavelengths  (from  IR  to  UV  spectral  region),  durations  and  intensities  of  the  incident  laser  radiation  (from  a 
continuous  one  with  flux  density  of  q  ~  100  W/cm2  to  picosecond  pulses  of  q  ~  109  W/cm2).  Such  structures  are  usually 

oriented  in  a  certain  way  toward  the  projection  of  the  light-wave  electric  vector  on  the  surface  and  have  a  period  of  the 
order  of  the  incident  radiation  wavelength  A . 


Fig.  4.  Periodic  structures  at  different  surfaces  fabricated  under  laser  irradiation  by  different  wave-length  A  ,  pulse  duration  T . 
a  Si,  Nd-YAG-laser,  A  =  1.06  pm,  7  =  1  ps,  1  pulse,  ^  =  0.7  pW/cm2;  b  —  stainless  steel,  Nd-YAG-laser,  A  =  1.06  pm, 

7  =  30  ns,  40  pulses,  q  =  30  raW/cm2  ;  c  —  SEM-photographs  of  biharmonic  relief  structure  with  period  0.21  pm,  fabricated  on  n-InP 
material  using  combine  holographic  and  SEW-techniques16;  d  —  W,  single  crystal  surface  (0  =  10°),  SEM-image,  Q-switched  Nd- 

YAG-laser,  A  =  1.06  pm,  q  =  26  pW/cm2 11 . 

A  lot  of  papers  in  recent  years  are  devoted  to  formation  of  the  SPS  (look  for  example  fundamental  work15).  But 
relationships  between  topological  parameters  of  generated  regular  microstructures  and  laser  radiation  characteristics  are 
highly  complicated  and  still  not  completely  studied.  Besides  of  that,  the  SPS  parameters  depend  on  the  properties  and 
statement  of  the  irradiated  material,  but  these  relationships  are  not  completely  clear.  All  these  limitations  do  not  permit  to 
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use  this  method  in  industry  right  now,  but  known  theoretical  and  experimental  results  give  possibility  to  recommend  SEW- 
SPS  method  to  structure  the  surfaces  of  the  nearest  future  confidently.  Some  promising  results  has  been  demonstrated  in 
fabrication  of  prototypes  of  diffraction  gratings16.  Fig  4,  c,  cathodes  of  emission  devices17,  Fig.  4,  d  etc. 

2.4.  Laser-Liga  based  microstructuring 


One  interesting  case  of  surface  microstructuring  is  Laser-Liga  process  described  in18.  It  consists  of  two  laser-assisted 
processes  in  combination  with  an  intermediate  step  of  electroplating  (Fig.  5,  a). 


Fig.  5.  Principle  of  Laser-Liga  based  combine  method16  —  a,  part  of  a  large  area  microstructure  in  polycarbonate  —  b,  detailed  view  of 
the  same  part  —  c,  electroplated  insert  of  the  master  with  additional  structures  machined  by 
laser-assisted  thermochemical  etching  —  d 18. 


-  firstly,  a  polycarbonate  substrate  was  microstructured  by  KrF  excimer  laser  photoablation  (photochemical  dry  etching)  in 
a  dynamic  projection  scheme.  It  enables  the  transfer  of  structures  having  dimensions  much  larger  than  the  laser  beam 
section  by  synchronized  scanning  of  the  mask  and  the  substrate, 

-  secondly,  by  electroforming  of  nickel  the  polymeric  master  converts  into  a  metallic  form, 

-  thirdly,  additional  structures  are  micromachined  by  the  laser-asissted  thermochemical  etching.  The  direct  processing  of 
the  workpiece  is  resulted  in  high  accuracy  microstructuring  with  smooth  surfaces  Ra  <  0.5  pm  and  without  any  debris  or 
thermal  influence  on  the  material  properties. 

-  fourthly,  the  finished  metallic  mold  can  be  used  for  a  fabrication  of  similar  plastic  microparts,  for  example,  by  the 
injection  molding. 

As  an  example,  microstructures  at  polycarbonate  surface  for  microfluidic  devices  are  presented  in  Fig.  5,  b,  c,  d.  Fig.  5, 
b,  c  show  a  part  and  a  detailed  view  of  a  10x20  mm2  sized  microstructure  in  polycarbonate  achieved  by  using  the 
technology  of  synchronous  scanning.  The  depth  of  the  structure  is  60  pm  and  the  angle  of  the  walls  approximately  15 
degrees. 

2.5  Laser  smoothing  in  a  liquid  (viscous-flowing)  phase 

This  method  is  based  on  heating  of  material  to  the  temperature  when  responsible  for  surface  quality  processes  take  place 
in  a  melted  (softened)  phase.  The  best  results  in  this  way  can  be  achieved  for  glass  surfaces. 

In  opposite  to  glasses  for  metals  active  polycrystallization  during  cooling  impedes  the  creation  of  a  smooth  surface.  In 
case  of  metals  it  is  possible  to  eliminate  the  crystallization  having  a  very  high  speed  of  cooling.  In  fact  it  can  be  realized 
when  a  very  thin  metal  film  is  heated  by  ultrashort  laser  pulses.  In  these  conditions  “metallic  glasses”  with  typically  glazing 
smooth  surface  appears  in  irradiated  zone.  Formation  of  large  areas  of  metallic  glasses  is  still  a  problem  of  boundaries  of 
irradiated  spots. 

The  physical  idea  of  a  laser  smoothing  of  glass  surfaces  is  similar  to  a  fire  polishing  of  glass:  laser  irradiation  should 
provide  heating  till  the  temperature  of  softening  when  viscosity  of  glass  does  not  disturb  a  surface  tension  to  realize  the 
tendency  to  minimal  free  (surface)  energy  and  correspondingly  minimal  surface  size. 

Two  most  difficult  problems  appear  in  this  case:  hydrodynamic  wave  at  a  softened  surface  and  thermomechanical 
residue  stresses  in  a  glass  sample  during  and  after  the  cooling.  These  problems  have  been  investigated  in  our  laboratory5 . 


Proc.  SPIE  Voi.  4637 


71 


Briefly  the  first  problem  can  be  solved  by  an  optimal  choice  of  beam  size  and  scanning  speed.  For  example,  scanning  speed 

v«  should  be  less  than  hydrodynamic  wave  speed  V„:  V!r  <Vh,  where  V„  ~k—,  —  —  temperature  gradient  in  a 

dz  dz 

softened  zone  in  a  direction  of  scanning,  k  depends  on  viscosity,  temperature  coefficient  of  viscosity  and  thickness  of  the 
softened  zone.  In  this  case  laser  beam  produces  smooth  area  driving  irregularities  to  the  side  of  a  sample  in  similar  manner 
to  a  cleaning  of  semiconductors  from  impurities  by  a  zone  melting. 

The  problem  of  thermomechanical  stresses  can  also  be  overcome  by  optimal  choice  of  laser  beam  cross-section,  pre— 
and  postheating  etc.  The  positive  results  have  been  demonstrated  for  mini-  and  microoptics  (Fig.  6)5  and  even  for 
macrooptics19. 


Fig.  6.  Laser  polishing  of  glass:  electron  micrographs  of  B-270  glass  after  mechanical  polishing  (a,  up)  and  after  additional  laser 
polishing  (a,  down),  the  transition  region  between  irradiated  and  non-irradiated  area  is  shown:  corresponding  measured  profiles  after 
mechanical  (b,  up)  and  laser  (b,  down)  treatment  of  glass  samples19;  c)  aspherical  cylindrical  lens  after  laser 

profilling  and  polishing5. 


2.6.  Surface  microstructuring  by  soft  laser  beating 


As  in  tfie  last  section  (2.5),  a  soft  laser  heating  is  a  regime  where  no  any  ablation  of  the  material  takes  place.  In  a  glass 
and  glass-like  materials  (porous  glasses,  glass-ceramics  etc)  different  phenomena  one  can  observe  which  can  lead  to  the 
fine  surface  microstructuring.  At  first  it  is  of  interest  for  microoptics20  because  along  with  the  structuring  (profilling),  a  high 
quality  of  the  structured  surface  is  provided  due  to  the  action  of  the  surface  tension  (Fig.  7). 

Let  us  point  here  only  two  possibilities. 

1.  Laser  densification  of  porous  glasses  cause  the  shrinkage  of  irradiated  in  a  softened  phase  zone  and  the  profile  of  the 
surface  is  defined  by  intensity  distribution.  The  general  view  of  the  shrinkage  zone  during  laser  densification  of  porous  glass 
under  CCMaser  irradiation  is  represented  in  Fig.  7,  a  and  a  microoptical  raster  produced  by  the  laser  densification  of 
glasses  is  shown  in  Fig.  7,  b. 


2.  Laser  amorphization  of  a  glass-ceramics  has  a  different  nature  —  it  is  a  change  of  phase  state  from  a  polycrystalline 
to  an  amorphous  one  which  accompanies  changes  in  specific  volumes  V„  and  Va„ .  The  crystalline  phase  is  packed  more 

densely  and  (he  amorphous  one  of  less  density  and  V<yy  <  1  • 


The  final  profile  of  an  irradiated  surface  of  ZnSi04-2PbOBa203ZnO  glass-ceramic  and  a 
corresponding  lens  raster  by  consequent  light  spots  (C02-laser)  is  shown  in  Fig.  7,  c,  d. 


general  view  of  the 
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Fig.  7.  Surface  microstructuring  by  soft  laser  heating,  a,  b  —  laser  densification  of  porous  glass:  a  —  a  general  view  of  the  zone  of  the 
shrinkage,  b  —  the  microoptical  raster  produced  under  a  COr-laser  irradiation20,  c,  d — laser  amorphisation  of  ^lass-ceramics:  c  the 
profile  of  the  zone  irradiated  by  consequent  light  pulses,  d — a  general  view  of  the  lens  . 

3.  CONCLUDING  REMARKS 

A  number  of  important  problems  could  be  solved  by  the  creation  of  a  special  surface  microreliefs.  For  example,  as  it  is 
well  known  regular  hexagonal  microrelief  has  a  minimal  free  energy,  what  provides  its  maximal  stability  under  any  external 
action  —  mechanical,  chemical  thermical  etc.  Such  kind  of  surfaces  improves  the  anti-seizing  properties  and  corrosion 
strength,  increases  the  contact  rigidity,  fatigue  strength,  slider  resistivity,  tightness  of  stable  junctions  and  their 
hydrodensity,  reduces  adhesion  and  seizure  with  rubber  during  prolonged  rubber-metal  sealing:  improves  the  quality  of  a 
galvanic  covering;  speeds  up  a  surface  cleaning  under  vacuum  conditions;  reduces  irradiation  in  the  outer  space;  provides 
normal  friction  conditions  in  vacuum;  increases  the  reflecting  capacity;  etc. 


It  is  worth  to  note  that  the  nature  also  pays  attention  to  the  surface  relief  and  regular  hexagonal  structures  are  the  most 
popular.  Some  examples  of  them  are  shown  in  Fig.  822. 


d) 


It  seems  to  me  that  possibilities  of  laser— based  surface  topology  reconstruction  put  us  to  the  edge  of  a  new  jump  in  a 
surface  science  and  technology. 
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ABSTRACT 

Highly  accurate  resistances  can  be  made  by  iteratively  laser  inducing  diffusion  of  dopants  from  the  drain  and  source 
of  a  gateless  field  effect  transistor  into  the  channel,  thereby  forming  an  electrical  link  between  two  adjacent  p-n  junction 
diodes.  We  show  that  the  current-voltage  characteristics  of  these  new  microdevices  are  linear  at  low  voltages  and  sublinear  at 
higher  voltages  where  carrier  mobility  is  affected  by  the  presence  of  high  fields.  A  process  model  is  proposed  involving  the 
calculation  of  the  laser  melted  region  in  which  the  dopant  diffusion  occurs.  Experimental  results  are  well  described  by  the 
proposed  model. 

Keywords:  Laser  trimming,  microelectronics,  resistance 

INTRODUCTION 

Due  to  the  inevitable  fabrication  process  variabilities,  microelectronics  circuit  functionality  are  very  often  altered, 
resulting  in  chips  off  specifications  or  useless.  Because  of  the  intrinsic  characteristics  of  digital  microelectronics,  which 
essentially  consists  of  low  (or  0)  and  high  (or  1)  voltages,  they  can  be  built  more  robust  to  these  fabrication  variabilities  than 
analog  circuits  for  which  high  accurate  components  are  required.  To  keep  pace  with  the  rapid  growth  of  digital 
microelectronics,  trimming  techniques  have  to  be  used  to  accurately  adjust  some  microdevices  characteristics  for  analog 
microelectronics.  We  have  recently  proposed  a  new  laser  technique  to  finely  tune  analog  microelectronics  circuits  which 
presents  the  advantages  of  being  very  accurate,  using  very  small  die  area,  and  being  easily  integrated  into  any  actual  CMOS 
process  without  additional  steps  [1,2].  A  patent  disclosing  the  detailed  device  structure  and  creation  method  has  been  recently 
accepted  [3]. 

In  this  paper,  after  reviewing  the  principle  of  the  technique,  we  present  the  electronic  characterization  and  the 
modeling  of  these  new  microdevices  and  show  that  they  present  excellent  current-voltage  linear  behavior  at  usual 
microelectronics  voltages.  Furthermore,  process  modeling  based  on  the  laser  induced  silicon  melted  region  calculation  is 
detailed  and  successfully  compared  to  experimental  results. 

PRINCIPLE  OF  THE  LASER  TRIMMING  METHOD 

The  laser  trimming  technique,  which  has  been  described  previously  [1,2]  is  performed  on  a  device  structure  consisting 
of  a  MOSFET,  without  the  gate,  fabricated  by  a  conventional  CMOS  process.  For  an  n-type  resistor,  the  device  structure 
consist  of  two  highly  doped  regions,  separated  by  2L  and  formed  by  implantation  into  a  p-well,  resulting  into  two  p-n  junctions 
facing  each  other.  Before  performing  laser  trimming,  the  only  current  that  can  flow  through  the  device  is  the  p-n  junctions 
leakage  current,  resulting  essentially  in  an  open  circuit.  Focusing  a  laser  beam  on  the  gap  region  between  the  two  junctions 
causes  melting  of  the  silicon,  resulting  in  dopant  diffusion  from  the  highly  doped  regions  to  the  lightly-doped  gap  region. 
Upon  removal  of  the  laser  light,  the  silicon  solidifies  and  freezes  in  place,  leaving  the  diffused  dopants  in  a  new  special 
distribution  forming  an  electrical  link  between  the  highly  doped  regions.  This  laser-diffused  link  constitutes  the  trimmed 
resistor.  Tight  control  of  process  parameters  is  necessary  to  create  efficiently  these  laser  diffusible  links  while  avoiding 
damage  to  adjacent  devices  and  structures.  These  parameters  are  the  laser  spot  size,  the  pulse  duration,  the  laser  power,  the 
number  of  laser  expositions  and  the  position  of  the  laser  spot  relative  to  the  device.  By  varying  the  parameters  between  each 
laser  intervention,  one  can  accurately  control  the  tuning  of  the  device.  The  laser  system  consisting  of  the  laser,  the  necessary 
optics  to  focus  the  beam  on  the  microelectronics  chip  and  a  X-Y-Z  computer  controlled  positioner  has  been  described 
previously  [1,2]. 
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DEVICE  CHARACTERIZATION 


Figure  1  shows  some  typical  microdevices  that  have  been  tuned  with  the  laser.  These  circuits,  which  have  no  specific 
electronic  functionality  other  than  testing  the  devices,  consist  essentially  of  arrays  of  gateless  MOSFET’s  with  a  source  to 
drain  distance  of  1.7pm.  Figure  1  (a)  has  been  taken  by  an  optical  microscope  and  shows  that  the  top  interdielectrics  layers  are 
almost  not  affected  by  the  laser.  Figure  1  (b)  shows  an  image  taken  by  a  Focus  Ion  Beam  (FEI  Company).  The  two  black  spots 
represent  holes  which  have  been  deliberately  made  with  the  laser  to  cut  electrical  links.  Again,  the  laser  process  for  making  a 
diffusible  resistance  has  essentially  no  effect  on  the  interdielectrics.  Figure  2  shows  images  produced  with  an  Atomic  Force 
Microscope  (AFM)  and  a  Scanning  Capacitance  Microscope  (SCM)  (Digital  Instruments,  Dimension  3100  model)  of  a  laser 
diffused  resistance,  where  all  outer  dielectric  layers  have  been  removed  by  an  HF  etch.  Five  laser  pulses  with  a  beam  waste  of 
0.9pm  were  used  in  this  experiment  and  the  laser  parameters  were  maintained  at  a  duration  of  lps  and  a  laser  power  of  0.75W 
incident  on  the  surface  of  the  chip  (  estimated  at  0.65  W  on  the  silicon  surface).  While  the  AFM  image  reveals  no  significant 
deformation  of  the  p-well,  the  SCM  image  shows  clearly  that  dopants,  represented  by  a  dark  gray,  have  diffused  from  the  two 
n+  regions  into  the  p-channel.  The  diffused  region  is  about  1 . 1  ±  0.2  pm  in  diameter. 


Figure  1  (a) 

Optical  microscope  image 
of  a  laser  induced 
modification  of  the  device. 
The  interdielectrics  are 
essentially  unaffected. 


Laser  cuts 


10pm 


Figure  1  (b) 

Focus  ion  beam  image  of  a 
laser  induced  diffusible 
resistance.  The  two  black 
spots  on  the  left  are  due  to 
two  deliberate  laser  cuts.  In 
the  middle,  three  laser 
irradiations  were  performed 
on  the  microdevices.  The 
interdielectrics  layers  are 
essentially  unaffected. 


Laser  irradiation 


Figure  1  Images  of  laser  induced  diffusible  resistances 
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Figure  2  :  SCM  image  (left)  and  corresponding  AFM  image  (right)  of  a  laser  induced  diffusible  resistance.  The  n-channel  is 
clearly  visible  on  the  SCM  image  whereas  topography  (AFM)  reveals  no  significant  deformation  of  the  p-well.  (The  distance 
between  the  source  and  the  drain  is  1.7pm) 

Current-voltage  (I-V)  characteristics  have  been  measured  using  a  Hewlett  Packard  4155A  semiconductor  parameter 
analyzer.  The  current-voltage  curves  of  typical  laser  diffusible  resistances  are  presented  in  Figure  3.  Lower  resistance  devices 
(lower  than  few  k£l)  present  an  excellent  linearity  over  the  range  of  voltages  normally  used  in  microelectronics  (±1.5V),  while 
higher  resistance  devices  show  non-linear  effects  and  a  relatively  small  (-0.3V  to  0.3V)  linear  region.  In  Figure  3(b),  I-V 
characteristics  are  plotted  up  to  relatively  large  applied  voltages.  They  show  a  non-linear  behavior  primarily  related  to  the 
carrier  velocity  saturation  at  moderate  fields  and  to  an  avalanche  effect  at  high  fields,  reducing  the  resistance  which  permits  a 
greater  current  to  flow  into  the  device. 


(a) 
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6.0x10’ 


(b) 

Figure  3:  Current- voltage  characteristics  of  three  laser  diffusible  resistances  at  (a)  low  voltages  (<  1.5  V)  and  (b)  at  high 
voltages 

In  order  to  more  deeply  understand  these  I-V  characteristics,  these  created  devices  can  easily  be  associated  to  a 
n+-v-n+  diode  where  the  laser  diffused  region  acts  as  the  n-doped  region  [4],  At  low  applied  voltages,  a  ID  finite  element 
analysis  shows  that  a  monotonous  electric  field  is  created  throughout  the  v  region  generating  a  drift  carrier  current,  resulting  in 
a  linear  I-V  curve.  As  the  applied  voltage  increases,  a  more  intense  electric  field,  as  large  as  5kV/cm,  is  applied  on  the  carriers, 
especially  near  the  junctions  where  the  presence  of  space  charges  adds  to  the  magnitude  of  the  field.  The  bending  of  the  I-V  is 
attributed  to  the  saturation  of  the  carriers  velocity  at  these  higher  fields,  To  verify  this,  a  2D  finite  element  quasi-stationary 
analysis  has  been  carried  out  with  the  computer  program  ISE  TCAD  [5],  using  the  doping  level  dependant  mobility  model  of 
Masetti  et  al.[6]  and  the  velocity  saturation  model  of  Canali  et  al  [7],  As  shown  in  figure  4,  simulation  calculations  are  in  very 
good  agreement  with  experimental  results  when  a  uniform  dopant  concentration  of  1.5xl018  cm'3  is  assumed.  The  theoretical 
analysis  is  being  pursued  on  the  I-V  characteristics  at  even  higher  fields,  especially  after  the  current  saturation,  where  space- 
charge-limited  currents  are  expected  to  be  important. 
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PROCESS  CHARACTERIZATION  AND  MODELING 


Modeling  this  process  involves  a  time-dependent  three-dimensional  (3D)  calculation  of  the  temperature  due  to  the 
laser  irradiation  [8],  followed  by  a  dopant  distribution  calculation  using  Fick’s  law.  A  simple  model  must  include  the  effects  of 
the  laser  power,  beam  waist  and  exposure  time  as  well  as  the  geometric  characteristics  of  the  initial  structure.  Device 
characteristics  can  then  be  evaluated  by  solving  the  three  differential  coupled  equations  to  obtain  the  3D  distributions  of 
electron  and  hole  concentrations,  as  well  as  the  electric  field  in  the  device  presenting  a  non-uniform  dopant  distribution.  In 
addition,  modeling  must  also  include  the  possibility  of  varying  the  laser  beam  location  and  power  from  pulse  to  pulse  to  obtain 
the  desired  device  characteristics. 

Some  insight  on  process  modeling  can  be  obtained  by  using  careful  approximations.  We  consider  the  effect  of  a 
focused  laser  beam  incident  on  a  n+-p-n+  silicon  structure,  resulting  in  the  diffusion  of  dopants  into  silicon.  Because  the 
diffusion  coefficient  of  dopants  in  liquid  Si  is  almost  seven  orders  of  magnitude  higher  than  that  of  crystalline  Si,  we  assume 
that  only  dopants  in  the  silicon  melt  diffuse  [9].  During  the  laser  pulse,  the  silicon  melt  dimension  increases  and  then  decreases 
as  the  pulse  ends.  Therefore,  we  propose  that  only  the  maximum  melted  region  (as  denoted  by  rmeit  on  the  Si  surface)  has  to  be 
determined  in  the  temperature  calculation;  the  dopants  located  outside  this  region  are  assumed  to  be  immobile.  As  the  pulse 
duration  t  gets  longer,  dopants  with  a  diffusion  coefficient  Dd  will  have  more  time  to  diffuse  over  a  length  of 

VZV  (1) 

in  the  entire  melted  region,  yielding  a  more  uniform  dopant  distribution.  For  instance,  Arsenic,  the  major  dopant  in  the  n+ 
regions  of  the  investigated  structures,  presents  diffusion  constants  between  D^.SxlO^cn^/s  and  6.8x10  cm2/s  corresponding 
respectively  to  the  fusion  temperature  (T=1683K)  and  to  a  reasonable  temperature  of  molten  Si  (T=3000K)  [9].  Equation  (1) 
gives  in  these  conditions: 


rD(/Jm)  =  036^t(jUs)  for  r=1683  K  (2) 

and  rD(jum )  =  1.65  for  7=3000  K  (3) 

suggesting  that  laser  pulses  of  the  order  of  a  microsecond  are  required  for  uniform  dopant  distribution  over  a  fraction  of  a 
micrometer. 


To  calculate  the  maximum  melted  region  one  has  to  solve  the  basic  energy  balance  equation  including  the  laser  source 
term  as  well  as  the  conduction,  convection  and  radiation  heat  losses.  Since  the  radiation  term  is  essentially  negligible  compared 
to  the  conduction  term  and  since,  in  a  first  approximation,  we  can  neglect  convection  because  the  pulse  melting  time  is  lower 
than  few  |is,  the  energy  balance  equation  can  be  written  as  [8]: 

pc—  =  V»[KVr]  +  5(x,y,z,0 

dt  (4) 

where  p,  c,  k  denote  density,  specific  heat  and  thermal  conductivity,  respectively.  The  heat  source  S  is  given  by: 

S(x,y,z,t )  =  [1  -R]Q(x,y)  f(z)  g(t)  (5) 

Q(x,y )  =  ^r-exp 

7CVV 
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(7) 


where  R  is  the  surface  reflectivity,  P  the  incident  power,  w  the  1/e  laser  spot  radius,  a  the  optical  absorption  coefficient  and 
g(t)  the  temporal  laser  profile  (in  this  case  we  assume  a  rectangular  pulse).  Temperature  dependent  thermal  conductivity  can  be 
eliminated  from  equation  (4)  using  a  Kirchhoff  transform  [10]: 
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e(T)  =  (IR'”" 

0  (8) 
where  ©(T)  is  called  the  linear  temperature  and  T0  is  the  initial  temperature.  The  heat  equation  is  then  solved  using  Green’s 
function  method  [11].  The  solution  has  been  calculated  by  Cohen  et  al  [12]  and  is  given  by: 


©(*,)>,  Z,0 
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(9) 


where  erfc( )  is  the  complementary  error  function,  D  is  the  thermal  diffusivity  and 
5  =  yj4D(t-t') 

(10). 

As  it  is,  equation  (9)  does  not  take  into  account  the  temperature  dependence  of  Si  properties  or  latent  heat  of  fusion. 
However,  by  using  an  adiabatic  approximation  [13],  it  is  possible  to  partially  consider  these  in  the  calculation.  The  temporal 
integral  of  equation  (8)  is  subdivided  into  small  time  segments,  each  lasting  Atj.  These  segments  cumulatively  add  up  to  give 
the  total  temperature  at  the  designated  time.  Each  segment  depends  on  the  total  temperature  reached  by  the  preceding  segment. 
In  this  way,  silicon  properties  can  be  adjusted  to  the  temperature  reached  after  each  segment.  The  time  intervals  Atj  are  chosen 
so  as  to  limit  the  temperature  only  to  rise  a  few  Kelvins.  The  mam  draw  back  to  this  method  is  that  the  properties  of  Si  depend 
on  temperature  which  in  turn  depends  on  time  and  position.  The  adiabatic  approximation  takes  care  of  the  temperature 
variation  with  time,  but  not  with  position.  As  for  latent  heat  of  fusion  (L),  it  is  taken  into  account  with  the  use  of  an  energetic 
criterion  [14].  If  the  fusion  temperature  (7]r)  of  silicon  is  reached,  subsequent  temperature  increases  are  converted  into  enthalpy: 

H  =  f(P  c\dT' 

1  (11) 
where  pc  is  evaluated  at  T{.  As  long  as  the  energy  accumulated  is  less  than  the  latent  heat  of  fusion,  the  material  is  considered 
still  in  the  melt  transition.  When  H  >  L,  the  liquid  phase  is  reached  and  subsequent  temperature  rise  calculations  return  to 
normal  (albeit  with  liquid  silicon  properties). 


While  our  calculation  approach  using  equation  (9)  is  basically  not  rigorous,  it  is  expected  to  be  more  accurate  than 
using  equation  (9)  without  temperature  dependent  properties,  as  it  will  be  shown  when  calculations  are  compared  to 
experimental  results.  As  an  example,  for  the  conditions  given  in  figure  2,  the  model  using  constant  silicon  properties  predicted 
that  the  silicon  would  not  melt,  which  is  obviously  not  the  case.  However,  our  approach  gives  a  calculated  radius  of  0.5pm, 
which  is  very  close  to  the  observed  dopant  diffused  area  of  0.55  ±0.1  pm  seen  in  Figure  2. 


Another  way  to  compare  experimental  and  theoretical  calculations  is  to  determine  the  conditions  which  give  a  fixed 
melted  radius.  This  can  be  done  in  the  following  manner.  Before  laser  irradiation,  the  resistance  of  the  microdevice  has 
essentially  an  infinite  value.  According  to  the  proposed  model,  process  parameters  must  be  such  that  the  melted  region  must 
reach  the  source  and  the  drain  before  the  dopants  begin  to  diffuse  into  the  channel.  For  a  determined  laser  power,  a  minimum 
pulse  width  is  required  to  diffuse  sufficient  dopants  to  produce  a  resistance.  We  have  performed  measurements  on 
microdevices  with  a  1.7  pm  source  to  drain  distance  and  for  source  and  drain  initial  concentrations  of  5  X  1019  cm'3.  Figure  6 
shows  experimental  results  to  produce  a  resistance  of  a  finite  value  (readable  on  the  multimeter,  i.e.  between  107  and  108  Cl) 
with  only  one  laser  irradiation.  Note  that  to  obtain  108  Cl  on  the  multimeter,  a  silicon  resistivity  of  103  £icm  is  needed 
corresponding  to  a  dopant  concentration  as  low  as  1013  cm'3  in  the  channel  on  the  average  [15].  Even  at  the  shortest  pulse 
width  of  0.07  ps  (at  few  Watts  on  figure  6),  we  estimate  using  equation  (3)  that  this  time  is  long  enough  to  assure  sufficient 
dopant  diffusion  to  be  observed  at  the  multimeter.  The  dashed  line  on  figure  5  corresponds  to  the  calculated  time  and  power  for 
a  melted  radius  of  0.85pm  (half  the  distance  source  to  drain)  using  equation  (9).  The  full  line  corresponds  to  our  calculation 
taking  into  consideration  all  silicon  properties  dependence  with  temperature.  The  agreement  between  the  results  and  our 
calculation  (full  line)  is  very  good  and  furthermore  supports  the  proposed  model  that  the  diffusion  into  the  melted  region  is  the 
main  mechanism  controlling  the  process. 
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Fig.  5:  Minimum  time  needed  to  create  a  resistance  of  finite  value  (i.e.  between  107  and  108  £2)  as  a  function  of  laser  power 
for  one  laser  irradiation.  Small  squares  are  experimental  results  and  lines  are  calculated  from  the  model  with  (full  line)  and 
without  (dotted  line)  latent  heat  of  fusion  and  thermally  dependent  Si  properties. 

CONCLUSIONS 

Highly  accurate  resistances  compatible  with  CMOS  technology  can  be  easily  made  by  laser  inducing  dopant 
diffusion.  These  new  microdevices  have  very  linear  I-V  curves  at  the  usual  microelectronics  operating  voltages  and  present 
non-linear  behavior  due  to  carrier  velocity  saturation  followed  by  avalanche  effects.  We  clearly  showed  that  the  process  is 
based  on  the  dopant  diffusion  into  the  melted  silicon  and  our  calculations  are  in  good  agreements  with  experimental  results. 
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ABSTRACT 

Photoluminescence  analysis  has  been  implemented  to  investigate  the  crystalline  properties  of  Gallium  Nitride  layers 
ablated  with  an  XeCl  excimer  laser.  The  measurements  were  carried  out  on  craters  up  to  1  pm  deep,  which  corresponded 
to  almost  half  the  thickness  of  the  deposited  film.  The  craters  were  etched  in  an  air  environment  with  laser  fluences  in 
the  range  of  99-231  mJ/cm2.  In  the  350-1200  nm  spectral  range,  the  near-band-edge  emission,  and  the  donor-acceptor 
pair  recombination  were  identified.  All  spectra  were  dominated  by  the  excitonic  recombination.  The  analysis  revealed 
that  during  the  ablation,  the  full  width  at  half  maximum  of  the  donor-bound  luminescence  line  remained  almost 
independent  of  both  the  depth  of  the  crater  and  of  the  laser  fluence.  Also,  the  donor-acceptor  pair  recombination,  which 
manifests  its  presence  through  a  weak  yellow  luminescence  observed  in  the  vicinity  of  the  600  nm  wavelength,  has  been 
consistently  observed  in  the  spectra.  A  relative  decrease  in  the  excitonic  emission  indicated  that  a  thin  layer  of  altered 
material  with  lower  crystalline  quality  was  formed  at  the  surface  of  the  ablated  material. 

Keywords:  Gallium  nitride  (GaN),  laser  ablation,  photoluminescence 


1.  INTRODUCTION 

Over  the  last  decade,  the  development  of  short  wavelength  light-emitting  diodes  and  diode  lasers  in  gallium  nitride 
(GaN)  based  materials1  stimulated  a  significant  increase  in  the  amount  of  research  being  done  on  this  material.  Blue  and 
blue-green  light-emitting  diodes  in  GaN  structures2'3  were  reported  for  the  first  time  in  1993  soon  followed  by  the 
announcement  of  successful  fabrication  of  blue  semiconductor  lasers4  and  UV  detectors.5  In  addition,  electronic  devices, 
such  as  metal-semiconductor  field-effect  transistors6  and  high-mobility  transistors,7  were  made  in  GaN. 

Various  materials,  such  as  SiC,  Si,  GaAs,  MgO,  and  ZnO,  have  been  used  as  the  substrates  for  the  epitaxy8  but  so 
far,  despite  a  large  lattice  mismatch,  sapphire  (AI2O3)  is  most  frequently  selected  as  the  substrate  of  choice  for  epitaxy  of 
GaN.  Application  of  an  AIN  buffer  layer  between  the  sapphire  substrate  and  GaN  layer  relaxes  the  mismatch  related 
stress. 


A  wider  application  of  GaN  in  optoelectronics  requires  improved  methods  of  processing  this  material.  The  high 
resistance  of  GaN  to  chemical  processing  leads  to  consideration  of  alternate  methods.  So  far  the  removal  of  material  by 
wet-etching  techniques  was  usually  achieved  by  implementing  photoelectrical  effects,10-12  which  complicated  the  process 
due  to  the  necessity  of  making  electrical  contacts,  and  limited  the  selection  of  the  substrates  to  conductive  materials. 
Recently,  peroxydisulfide  ions  (KiSjOg)  have  been  applied  for  UV  enhanced  wet  etching  without  the  necessity  of  an 
electric  field.  The  advantage  of  wet  etching  is  the  possibility  of  forming  undercut  profiles  which  can  be  used  for 
liftoff  and  transfers  of  GaN  structures  between  alternative  substrates.15  A  number  of  dry  etching  methods  such  as  plasma 
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etching,1619  or  ion  etching20'22,  have  been  implemented  for  processing  of  GaN.  Typically,  the  rates  in  both  wet  and  dry 
etching  techniques  are  up  to  50  nm/min,  however  the  etched  surfaces  usually  require  additional  treatment  in  order  to 
improve  surface  morphology.  Higher  etch  rates  (-100  nm/pulse)  have  been  demonstrated  by  laser  ablation.  '  In 
addition,  it  has  been  demonstrated  that  under  certain  irradiation  conditions  the  surface  morphology  of  ablated  GaN  films 
can  be  made  smoother  that  that  of  the  as-grown  material.23'24, 26  28  Laser  ablation  has  also  been  used  to  transfer  thick  GaN 
films  onto  Si  substrates.29  This  approach  was  further  developed  to  successfully  transfer  a  2-pm  thick  GaN  film  on  a 
(001)  Si  wafer.30 


Despite  the  simplicity  of  direct  laser  ablation  and  its  potential  for  patterning  of  GaN  films  with  submicron 
resolution,  no  systematic  investigation  of  this  approach  has  been  documented  in  the  literature.  One  of  the  most  important 
parameters  that  could  determine  the  usefulness  of  this  technique  concerns  the  extent  of  damage  induced  at  the  surface 
and  on  the  walls  of  the  ablated  structures.  The  purpose  of  this  work  was  to  use  photoluminescence  to  assess  the  extent  of 
structural  damage  in  GaN  films  that  were  patterned  by  laser  ablation  in  an  air  environment. 


2.  EXPERIMENTAL  DETAILS 

The  investigated  film  was  fabricated  by  ammonia-molecular  beam  epitaxy.31  A  2-pm-thick  film  was  grown  on  a 
(0001)  sapphire  substrate  with  a  20  nm  thick  aluminum  nitride  (AIN)  buffer  layer,  which  relaxed  induced  stress  resulting 
from  the  mismatch  between  GaN  and  sapphire. 

The  wafer  was  ablated  with  10  ns  pulses  of  an  XeCl  excimer  laser  operating  at  308  nm.  Details  of  the  ablation  setup 
have  been  published  elsewhere.28  A  series  of  craters,  375  pm  in  diameter,  have  been  etched  using  laser  fluence  varied 
between  99  mJ/cm2  and  231  mJ/cm2.  A  uniform  fluence  distribution  profile  within  the  crater  was  achieved  by  projecting 
a  circular  aperture  illuminated  with  a  homogenized  laser  beam.  The  process  was  earned  in  the  atmospheric  air 
environment.  Following  the  irradiation,  an  excess  of  gallium,  which  formed  on  the  surface,  was  chemically  etched  in  a 
50%  solution  of  HC1  in  water.  The  craters  were  up  to  -1  pm  deep,  as  determined  by  a  stylus  scanner  (DEKTAK). 

Low  temperature  photoluminescence  studies  have  been  performed  in  a  Jams  Supervaritemp  cryostat  at  20  K. 
Photoluminescence  was  stimulated  with  an  Omnichrome  T2056-MA03  Helium-Cadmium  laser  operating  at  325  nm. 
The  beam  was  focused  to  a  spot  about  50  pm  in  diameter  resulting  in  an  excitation  intensity  of  about  20  W/cm2. 
A  0.75  m  Jobin-Yvon  HR  640  monochromator  with  a  nitrogen-cooled  photon  counting  system  was  used  to  collect  the 
spectra. 


3.  RESULTS  AND  DISCUSSION 

As  seen  in  Figure  1,  the  photoluminescence  spectrum  of  the  as  grown  GaN  layer  used  for  the  studies  was  dominated 
by  excitonic  emission.  The  strongest  line  (D°BX),  observed  at  3562  A  (3.4807  eV),  is  associated  with  recombination  of  a 
donor-bound  exciton.  This  line  typically  occurs  at  temperatures  below  50  K32  and  is  considered  to  be  a  signature  of 
quality  in  n-type  GaN.33  The  intensity  of  this  line,  the  relative  intensity,  and  the  full  width  at  half  maximum  (FWHM), 
are  generally  used  to  evaluate  the  crystalline  quality  of  the  material.  In  the  unprocessed  areas  of  the  samples  studied 
here,  the  full  width  at  half  maximum  of  the  D°BX  line  is  about  9  meV.  In  the  near-band-edge  emission,  a  barely 
noticeable  shoulder  on  the  low-energy  side  of  the  D°BX  line  can  be  seen.  A  curve  fitting  procedure,  shown  in  Figure  2a, 
to  two  Gaussian/Lorentzian  peaks  leads  to  the  location  of  the  second  peak  consistent  with  the  acceptor  bound  excitonic 
recombination  (A°BX)  in  GaN.  As  seen  in  Figure  2b,  the  exact  fit  requires  three  peaks  in  the  near-band-edge  emission. 
The  presence  of  three  peaks  is  additionally  justified  by  the  spectra  obtained  in  the  processed  regions.  Up  to  four 
LO-phonon  replicas  of  the  excitonic  line,  separated  by  about  93  meV,  have  also  been  seen  in  the  spectra.  The  separation 
is  consistent  with  the  reported  LO  phonon  energy.  In  the  regions  of  the  layer  not  affected  by  the  ablation,  the  maximum 
intensity  of  the  defect-related,  “yellow”  emission  was  about  thousand  times  lower  than  the  excitonic  emission. 
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Figure  1.  The  photoluminescence  spectrum  of  the  unprocessed  GaN  layer.  Spectrum  collected  at  a  temperature  of  20  K, 
with  a  20  W/cm2  excitation  at  325  nm  from  a  CW  cadmium  laser. 


(a)  (b) 


Figure  2.  (a)  Two-  and  (b)  three-peak  fit  of  the  PL  spectra  to  the  Gaussian/Lorentzian  distribution  functions.  The  thick 
solid  lines  represent  the  collected  spectra  and  the  broken  lines  are  the  best  fits.  The  separate  peaks  are  marked 
with  thin  solid  lines.  The  D°BX  line  is  shaded. 
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In  order  to  evaluate  the  crystal  quality  of  the  material  in  the  laser-processed  craters,  the  characteristics  of  the 
near-band-edge  (excitonic)  emission  were  analyzed  in  this  work.  The  spectra  from  a  sequence  of  craters,  ablated  with 
N  =  1,  2,  4,  and  40  pulses  at  132  mJ/cm2,  are  shown  in  Figure  3.  The  depth,  d,  of  each  crater  is  also  indicated  in  the 
figure.  All  the  spectra  have  been  collected  under  very  similar  conditions  and  are  normalized  to  the  strongest  line.  The 
labels  along  the  vertical  axis  allow  one  to  compare  the  actual  values  of  the  PL  intensity.  In  order  to  isolate  the 
contribution  of  the  D°BX  to  excitonic  emission,  a  curve-fitting  algorithm  has  been  used  for  each  data  set.  A  minimum 
number  of  Gaussian/Lorentzian  peaks  have  been  chosen  to  exactly  fit  the  intensity  distribution  of  the  near-band-edge 
region.  In  each  case,  no  more  than  three  peaks  were  required  for  the  fit.  For  each  peak  the  wavelength,  the  intensity  and 
the  width  were  adjustable  parameters. 

The  shaded  peak,  in  each  frame  of  the  stack,  corresponds  to  the  D°BX  recombination.  With  an  accuracy  of  0.5  A, 
the  fit  always  resulted  in  the  same  value  for  the  position  of  the  line  at  3563A  (3.480.0  eV).  In  Figure  3,  it  can  be  seen 
that  the  ablation  also  has  no  effect  on  the  width  of  the  line.  However,  even  a  single  laser  pulse  lowers  the  intensity  by 
almost  two  orders.  After  a  few  pulses,  the  number  of  laser  pulses  has  practically  no  effect  on  the  intensity  of  the 
excitonic  line.  In  this  case,  the  intensity  of  the  D°BX  recombination  after  forty  pulses  is  even  greater  than  after  four 
pulses.  Most  likely  the  increase  was  associated  with  an  experimental  error  rather  than  having  any  significant  meaning. 

The  remaining  emission  in  the  near-band-edge  region  shows  another  discemable  pattern,  which  can  be  seen  in 
Figure  3.  One  can  clearly  recognize  that  with  the  increase  of  the  number  of  pulses,  this  emission  moves  away  from  the 
D°BX.  The  best-fit  analysis  always  results  in  an  additional  two  peaks  for  this  emission.  Considering  their  FWHM  (about 
20  meV)  they  appear  at  fixed  locations  in  the  3573  -  3583  A  and  3590  -  3595  A  ranges,  respectively.  The  second  peak 
corresponds  to  the  commonly  observed  A°BX  recombination,  occurring  at  3592  A  (3.4167  eV),  which  as  mentioned 
earlier,  was  present  in  the  unprocessed  region  of  the  layer.  It  appears  that  the  third  line  is  the  least  sensitive  to  a  single 
pulse  ablation,  but  after  repetitive  ablation  it  eventually  disappears  from  the  spectrum.  Further  studies  would  be  required 
to  associate  this  line  precisely  with  a  particular  recombination  process.  It  was  also  found  that  after  the  first  laser  shot,  the 
shape  of  the  “yellow”  emission,  and  its  intensity  relative  to  the  near-  band-edge  emission  were  practically  independent  of 
the  number  of  pulses. 

A  set  of  commonly  used  parameters  obtained  from  photoluminescence  spectra  indicating  the  change  in  the  crystal 
quality  of  the  ablated  surface  is  listed  in  Table  1.  The  first  row  in  the  table  refers  to  a  spot  in  the  close  vicinity  of  the 
crater  ablated  with  40  pulses  at  132  mJ/cm2.  The  corresponding  spectrum  is  shown  in  Figure  1.  Except  for  the  FWHM  of 
the  D°BX  line,  the  parameters  indicate  the  deterioration  of  crystalline  properties  of  the  ablated  surface  within  the  first 
few  pulses.  The  following  pulses  appear  to  have  no  effect  on  the  further  surface  damage.  A  steady  state  condition  of  the 


Table  1.  The  values  of  commonly  used  quality  related  parameters  for  GaN  ablated  at  132  mJ/cm2  laser  fluence. 


number  of  pulses 

D°BX  maximum 
[cts/sec] 

fraction  of  D°BX  in 
excitonic  emission 

ratio  of  excitonic  to 
“yellow”  intensity 

FWHM 

[meV] 

0 

3.0- 105 

0.56 

390 

7.4 

1 

4.  M03 

0.06 

31 

6.5 

2 

4.2- 103 

0.04 

55 

6.8 

4 

5.4- 103 

0.09 

23 

7.7 

40 

8.5- 103 

0.31 

21 

8.8 
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PL  intensity  [cts/sec] 


wavelength  [A] 


Figure  3.  The  effect  of  the  total  number  of  laser  pulses  on  the  near-band-edge  photoluminescence  in  a  GaN  epitaxial 
layer  ablated  at  132  mJ/cm2  laser  fluence.  The  number  of  pulses  N  as  well  as  the  depth  d  of  the  crater  is 
indicated  in  the  upper  right  hand  comer  of  each  graph. 
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surfaces  ablated  is  achieved.  This  kind  of  pattern  is  observed  for  all  the  laser  fluences  used  and  it  could  be  explained  by 
the  presence  of  a  defective  or  chemically  altered  layer  on  the  surface  of  laser  ablated  GaN.  (It  is  quite  feasible  that  the 
laser-induced  chemical  alteration  of  the  irradiated  surface,  in  addition  to  its  decomposition,  takes  place  during  processing 
in  an  air  environment.)  Such  a  layer  would  be  characterized  by  the  absence  of  the  D°BX  line  in  the  near-band-edge 
photoluminescence  and  a  relatively  strong  “yellow”  emission.  Simultaneously,  the  absorption  of  the  layer  would  only 
allow  the  observation  of  a  weak  D°BX  line  originating  from  the  unaltered  material  below  it.  These  effects  were  stronger 
at  higher  fluences,  suggesting  that  the  laser-induced  damage  is  proportional  to  the  laser  fluence  used  for  the  ablation. 

All  the  spectra  discussed  above  have  been  collected  at  the  center  of  the  craters.  The  uniformity  of  the  craters  has 
also  been  investigated  and  the  representative  results  are  shown  in  Figure  4.  The  PL  system  allowed  one  to  select  the 
investigated  region  with  high  accuracy.  It  was  possible  to  move  the  spot  continuously  along  the  crater  while  the  diameter 
of  the  spot  constituted  about  1/8  of  the  crater’s  diameter.  Significant  differences  have  been  observed  in  the 
near-band-edge  emission,  however  the  “yellow”  luminescence  was  identical  in  both  locations. 


(a)  (b) 


wavelength  [A]  wavelength  [A] 

Figure  4.  Uniformity  of  the  crater  ablated  with  a  single  pulse  at  231  mJ/cm2.  Spectra  collected  at  the  center  (a)  and 
half  the  radius  from  the  center  (b)  of  the  crater. 


The  center  region  of  each  crater  experienced  qualitatively  more  damage  than  the  side  region  as  indicated  by  both  the 
reduced  overall  PL  intensity  and  the  decreased  contribution  of  the  D°BX  to  the  near-edge-emission  A  possible 
mechanism  responsible  for  such  behavior  could  be  associated  with  the  higher  efficiency  of  heat  dissipation  at  spots 
further  away  from  the  center  of  the  crater,  due  to  the  lateral  heat  transport.  It  should  be  pointed  out  that  the  thermal 
conductivity  of  sapphire,  which  is  about  four  times  lower  than  that  of  GaN,  obstructs  dissipation  of  heat  in  the  direction 
perpendicular  to  the  layer.34"35 

PL  spectra  in  the  vicinity  of  a  crater  ablated  with  the  highest  number  of  pulses  (40)  at  the  highest  fluence 
(231  mJ/cm2)  have  been  collected  in  order  to  observe  thermally  induced  deterioration  of  the  layer  in  the  unprocessed 
region.  Photoluminescence  from  the  region  at  the  edge  of  the  crater  (within  50  pm)  are  identical  to  those  collected  at 
regions  where  thermal  effects  have  been  excluded  (1  mm  from  the  edge).  It  appears  that  ablation  in  air  could  be 
efficiently  used  for  formation  of  GaN  mesa  structures.  However,  patterning  of  this  material  without  damage  in  the 
processed  area  probably  would  require  an  atmosphere  of  a  reactive  gas,  which  would  allow  for  lower  laser  fluences 
required  for  processing.  Low-fluence  laser  etching  has  been  demonstrated  for  GalnAs  and  InP.28 
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4.  CONCLUSIONS 


Excimer  laser  ablation  at  308  nm  of  GaN  thin  film  deposited  on  sapphire  has  been  carried  out  in  air.  The  evolution 
of  the  crystalline  quality  with  the  number  of  laser  pulses  has  been  determined  using  low  temperature  photoluminescence. 
Within  the  investigated  range  of  fluence  (99-231  mJ/cm2),  the  first  pulse  results  in  the  highest  deterioration  of  the 
crystalline  properties  of  the  ablated  layer.  After  the  first  few  pulses,  further  ablation  has  little  effect.  The 
photoluminescence  analysis  suggests  the  existence  of  a  thin  damaged  layer  on  the  surface  of  laser-ablated  material.  The 
nature  of  damage  is  not  exactly  clear,  but  it  appears  that  it  is  dominated  by  the  alteration  of  the  material  crystalline 
properties  with  possible  chemical  changes.  The  thickness  of  the  damaged  layer,  under  which  the  material  is  unaltered, 
was  found  to  be  proportional  to  the  laser  fluence. 

The  radial  dependency  of  the  crystalline  quality  is  observed  in  the  craters.  Most  damage  occurs  in  the  center  of  the 
craters,  which  could  be  explained  by  nonuniform  lateral  heat  dissipation.  No  thermally  induced  decrease  in  crystalline 
quality  around  the  craters  was  found  within  the  resolution  (50  pm)  of  this  experiment.  It  appears  that  ablation  in  an 
atmosphere  of  a  reactive  gas,  which  would  require  lower  laser  fluences,  could  be  necessary  for  patterning  of  this  material 
without  damage  or  significantly  reduced  thickness  of  the  damaged  layer  in  the  processed  regions.  The  ability  to  carry  out 
patterning  in  an  air  environment  is  the  potentially  attractive  approach  for  some  applications  only.  An  accurate  analysis  is 
still  required  to  determine  the  microscopic  extent  of  laser-induced  lateral  damage  for  the  ablation  conditions  applied  in 
this  work. 
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ABSTRACT 

Excimer-based  ablative  patterning  of  Indium  Tin  Oxide  (ITO)  thin  film  on  flexible  substrates  has  been  evaluated  for 
large  format  display  applications.  In  display  package  manufacturing,  excimer-based  ITO  ablation  can  provide  a  great 
advantage  over  conventional  photolithographic  processing.  It  can  eliminate  many  steps  from  the  manufacturing  cycle, 
resulting  in  significant  cost  reduction.  Flexible  substrate  display  packaging  is  desirable  for  at  least  two  reasons.  It  allows 
roll-to-roll  low  cost,  large  volume  manufacturing.  Its  low  weight  provides  for  an  easy  scale  up  to  larger  format  displays. 
A  XeCl  excimer,  lx,  amplitude  mask  pattern  projection,  scan-and-repeat  system  was  utilized  in  the  evaluation  work.  The 
mask  pattern  had  line  groupings  of  line-widths  varying  from  8  to  30  pm  with  line  length  of  44  mm.  Lines  from  all  the 
groupings  were  simultaneously  ablated  in  150  nm-thick  ITO  layer  on  a  flexible  100  pm  thick  Polyethylene  terephtalate 
(PET)  substrate  using  scanning  with  optimized  dwell  duration  of  10  pulses  and  optimized  fluence  level  of  350  mJ/cm2. 
Lines  ablated  with  mask  line  groupings  of  line-width  greater  than  or  equal  to  1 1  pm  showed  complete  electrical  isolation 
indicating  complete  ITO  removal.  Scanning  Electron  Microscopy  (SEM)  showed  the  presence  of  a  slight  curling  effect 
at  ablated  line  edges.  The  effect  was  studied  as  a  function  of  wavelength  and  imaging  resolution.  A  C02  snow  cleaning 
method  was  evaluated  for  removing  the  extruding  curled  material.  ‘ 

Keywords:  excimer,  display,  ITO,  flexible  substrates,  ablation,  pattern  projection,  scan-and-repeat,  fluence  gradient, 
SEM,  large  format,  cost  reduction. 


1.  INTRODUCTION 

Recently,  liquid  crystal  displays  with  flexible  plastic  substrates  have  become  very  attractive  for  replacing  glass- 
based  liquid  crystal  displays.  Plastic  substrate  displays  offer  many  advantages  including  low  weight,  durability  and  easy 
scale  up  to  large  format.  Their  flexibility  permits  varying  the  device  shape  to  optimize  visibility  and  suppress  reflections. 
It  also  allows  low  cost,  large  volume  roll-to-roll  production.  Furthermore,  their  thin  construction,  not  achievable  with 
glass  substrates,  provides  wide  viewing  angles'.  These  display  devices  are  suitable  for  many  highly  demanded  existing 
and  future  product  applications  including  pagers,  personal  digital  assistants  (PDA’s),  smart  cards,  cell  phones,  and  the 
future  “electronic  paper”2. 

Plastic  substrates  used  in  display  device  construction  are  coated  with  thin  films  of  conductive  electrode  material 
that  is  transparent  in  the  visible  spectral  range.  Commonly  used  substrate  materials  include  Polycarbonate  (PC), 
Polyarylate  (PAR),  Polyestersulfone  (PES),  Polyimide  (PI),  Polyethylene  terephtalate  (PET),  and  Polyolefin.1  Indium 
Tin  Oxide  (ITO)  thin  film  is  widely  used  as  transparent  conductive  electrode3.  Prior  to  ITO  coating,  a  barrier  layer  of 
Si02,  Ta205  or  organic  film  is  sputtered  on  the  substrate.  ITO  is  then  coated  on  top  of  the  barrier  layer  by  a  sputtering 
method  or  the  like4.  The  barrier  layer  protects  the  plastic  substrate  against  gas  and  water  permeation  as  well  as  against 
reacting  with  the  liquid  crystal  at  high  temperatures'. 

Typically,  the  plastic  substrate  is  100-200  pm  thick,  the  ITO  layer  is  100-150  nm  thick,  and  the  barrier  layer  is 
1-4  pm  thick.  Two  substrates  coated  with  ITO  are  overlaid  with  a  very  thin  spacing  of  1-20  pm  in  between4.  The 
spacing  is  filled  with  liquid  crystal  and  sealed  off  using  UV-cure  resin4.  The  ITO  layer  on  both  substrates  faces  the  liquid 
crystal  in  between.  The  ITO  layer  on  one  or  both  substrates  is  photolithographically  patterned  in  strips  250-300  pm 
wide  with  separation  lines  of  width  ~  20  pm.  Hence,  when  the  two  substrates  are  overlaid,  a  collection  of  pixels  is 
formed.  The  pixels  can  be  individually  addressed  and  turned  on  and  off.  The  photolithographic  ITO  layer  patterning 
step  may  constitute  a  bottleneck  in  high  volume,  low  cost  device  manufacturing.  A  high  throughput,  direct  patterning 
process  would  help  remove  this  bottleneck.  Q-switched  Nd:YAG  laser-based  systems  have  been  used  to  pattern  the  ITO 
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layer5.  These  systems  use  single  spot  scanning  in  a  direct  write  configuration.  The  required  amount  of  ITO  to  be 
removed  during  large  format  device  patterning  is  large.  This  makes  these  systems  appropriate  for  prototyping  but  too 
slow  for  low  cost,  large  volume  production6.  Production  of  such  large  format  devices  at  low  cost  and  large  volume  can 
be  realized  using  an  excimer-based,  mask  pattern  projection,  ablation  technique  . 

The  advantage  of  using  the  excimer-based  ablation  technique  for  ITO  film  patterning  instead  of  conventional 
photolithography  can  be  illustrated  in  the  process  flow  diagram  shown  in  figure  1 .  Using  conventional 
photolithography,  the  ITO  layer  is  patterned  as  per  the  following  procedure:  resist  coating,  soft  bake,  exposure, 
development,  post-development  hard  bake,  etching,  and  resist  stripping.  On  the  other  hand  using  excimer  ablation,  the 
ITO  layer  can  be  patterned  directly  in  one  step.  However,  a  cleaning  step  may  be  required  after  the  excimer-based  direct 
patterning.  As  shown  in  the  flow  diagram,  the  excimer-based  patterning  method  eliminates  at  least  5  steps  from  the 
display  device  ITO  patterning  step.  Hence,  this  method  can  potentially  reduce  the  overall  manufacturing  cost  and 
improve  yield. 


2.  EXPERIMENTAL  SET-UP 

2.1  Experimental  system  general  features 

This  paper  describes  the  evaluation  of  an  excimer-based  technique  used  for  patterning  display  device  ITO 
layers  on  PET  substrates.  The  system  used  in  this  technique  is  an  excimer-based  lx,  mask  pattern  projection,  scan-and- 
repeat  system.  The  excimer  source  is  Xenon  Chloride  (XeCl)  with  308  nm  wavelength.  Figure  2  shows  a  photograph  of 
Tamarack  model  330  system  resembling  the  experimental  system  used  in  the  evaluation.  The  figure  shows  a  close-up 
view  of  the  system  mask,  lens,  and  substrate  stage  area7.  A  diamond-shaped  beam  with  a  side  length  of  10  mm  is  shaped 
and  homogenized  by  a  standard  Tamarack  beam  delivery  sub-system.  The  beam  impinges  on  a  mask  containing  a 
desired  pattern.  A  lx  Dyson  lens  transfers  the  mask  pattern  onto  the  workpiece  surface.  The  mask  and  the  workpiece 
are  scanned  as  one  unit  relative  to  the  beam8.  This  allows  the  patterning  of  large  format  devices  without  being  limited  by 
lens  field  size.  Using  readily  available  masks  of  size  177.8  mm  x  177.8  mm  allows  patterning  of  devices  with  size  up  to 
150  mm  x  150  mm. 

2.2  Process  and  material  specific  features 

Lines  patterned  during  this  work  are  44  mm  long  with  various  line  widths  ranging  from  1 1  to  30  pm.  Patterned 
ITO  strips  have  width  values  of  150  pm  or  375  pm.  Optimal  ITO  layer  removal  was  obtained  using  350  mJ/cm2  and  10 
pulses  at  10  Hz  repetition  rate.  Under  these  conditions,  the  ITO  material  within  the  lines  was  completely  removed 
without  causing  any  damage  to  the  underlying  layers.  The  PET  substrate  is  100  pm  thick.  The  ITO  layer  and  the  barrier 
layer  have  a  thickness  of  0.15  and  4  pm,  respectively.  The  system  is  equipped  with  ~  0.05  NA,  lx  Dyson  projection  lens 
with  transmission  coefficient  of  ~  85%  and  an  aluminum-on-quartz  amplitude  mask  with  transmission  coefficient  of- 
92%.  Hence,  to  obtain  the  optimal  fluence  level  of  350  mJ/cm2  at  the  substrate  plane,  a  fluence  level  of  ~  450  mJ/cm2 
would  be  required  at  the  mask  plane.  Unfortunately,  aluminum-based  masks  have  a  damage  threshold  of  ~  200  mJ/cm  . 
Thus,  the  aluminum-based  mask  was  used  with  care  when  exposed  to  450  mJ/cm2  fluence  level.  Experiments  were  run 
in  short  duration  using  low  laser  repetition  rates  of  10-50  Hz.  Production  conditions,  however,  entail  runs  of  long 
duration  at  high  repetition  rates.  In  this  case,  an  aluminum-based  mask  may  suffer  significant  damage.  However,  a 
dielectric-on-quartz  amplitude  mask  with  reported  damage  threshold  of  800  mJ/cm2  can  be  successfully  utilized  under 
production  conditions10.  Figure  3  shows  a  schematic  of  the  aluminum-based  mask  utilized  in  the  experiments.  The  mask 
consists  of  many  line  groupings.  Each  grouping  has  a  certain  line  width  and  strip  width.  The  line  widths  used  here  are 
8,  9, 1 1, 15, 16,  20,  25,  and  30  pm.  Some  groupings  have  a  strip  width  of  150  pm  and  others  have  a  strip  width  of  375 
pm.  The  total  number  of  lines  within  a  grouping  is  either  17  or  23  lines.  For  clarity  purpose,  the  schematic  in  figure  3 
shows  a  detailed  view  of  only  a  part  of  one  line  grouping. 

3.  DATA  AND  DISCUSSIONS 

3.1  Test  for  complete  ITO  layer  removal 

The  above-mentioned  system  was  used  under  the  optimized  conditions  to  simultaneously  ablate  lines  from  all 
the  mask  groupings  in  the  ITO  layer.  A  multi-meter  was  used  to  perform  conductivity  testing  on  each  grouping  and 
determine  complete  electrical  isolation,  which  in  turn  indicates  complete  ITO  removal.  Lines  in  each  grouping  of  the 
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mask  were  designed  in  such  a  way  that  upon  ablating  the  ITO  layer,  ITO  strips  are  formed  in  an  interlaced  comb  test 
pattern.  As  illustrated  in  figure  3,  ITO  strips  of  each  grouping  were  shorted  together  at  one  end  and  connected  to  one 
multi-meter  probe.  At  the  other  end,  a  pad  connecting  the  ITO  strips  interlacing  with  the  above-mentioned  ones  in  the 
same  grouping  was  connected  to  the  other  multi-meter  probe.  Resistance  was  then  measured.  Complete  electrical 
isolation  between  the  strips  of  one  grouping  was  indicated  by  a  large  measured  resistance  value  >  40  MQ.  Based  on  this 
test,  it  was  determined  that  under  the  optimal  conditions,  ITO  removal  was  complete  within  lines  of  width  as  small  as 
12.5  pm  produced  by  mask  lines  with  width  of  1 1  pm.  This  result  was  confirmed  using  EDX  (Energy  Dispersive  X-ray 
Spectroscopy)  analysis  performed  in  certain  locations  within  lines  of  each  grouping. 

3.2  Edge  quality  of  ITO  removal  lines 

Electrical  isolation  resulting  from  complete  ITO  removal  is  required  for  successful  display  device  operation. 
Therefore,  our  excimer-based  technique  was  successful  in  patterning  display  device  ITO  layers  with  lines  of  width  > 

12.5  pm  and  length  of  44  mm.  However,  the  technique  produced  a  non-desirable  effect  at  the  edges  of  the  ablated  lines. 
Specifically,  the  ITO  material  at  the  ablated  line  edge  extruded  beyond  the  surface  of  the  ITO  layer.  As  determined  by 
SEM,  the  extruding  material  was  shaped  as  a  curl;  hence  it  will  be  referred  to  in  this  paper  as  curling.  A  typical  curled 
region  had  an  extrusion  height  of  1-1.5  pm  and  a  width  of  1-4  pm.  Figure  4(a)  shows  a  SEM  top-view  of  a  collection  of 
lines  ablated  by  1 1  pm  wide  mask  lines  using  the  optimal  conditions.  Figure  4(b)  shows  a  close  up  SEM  top-view  of  a 
location  within  one  of  the  lines.  Figure  4(c)  shows  a  SEM  cross-sectional  view  of  another  line  within  the  collection  with 
line  width  of  12.5  pm,  curled  material  regime  width  of  1 .4  pm,  and  curled  material  height  of  1 .2  pm.  We  believe  that 
this  line  edge  curling  is  due  to  a  thermal  effect,  taking  place  at  the  ablation  zone  edge.  We  propose  that  this  curling 
phenomenon  is  inherent  in  the  mechanism  of  excimer-based  ITO  thin  film  removal  from  PET  substrate. 

33  Mechanism  of  the  removal  process 

A  few  recent  publications  have  attempted  to  explain  the  mechanism  of  similar  laser-based  thin  film  metal  or 
oxide  removal  from  plastic  and  other  types  of  substrates.  For  example,  Koo  et  al.  discuss  a  mechanism  of  removing 
copper  film  of  thickness  250  angstroms  from  1  mm  thick  flexible  glass  reinforced  epoxy".  A  Q-switched  Nd:YAG  laser 
source  operating  at  1.06  pm  wavelength  was  directed  to  a  50  pm  spot  onto  the  metal  film.  According  to  the  authors,  the 
laser  beam  heats  portions  of  the  film  and  underlying  substrate.  The  heated  substrate  portion  at  the  film-substrate 
interface  is  vaporized.  Vapors  are  entrapped  inducing  an  explosion,  which  removes  the  portion  of  thin  film  coating  from 
the  substrate.  Because  of  the  extremely  high  vaporization  temperature  of  the  copper  film,  1083°  C,  a  direct  metal  film 
vaporization  mechanism  would  require  large  laser  intensity  threshold,  which  can  damage  the  underlying  heat-sensitive 
substrate.  Therefore,  it  is  more  feasible  to  raise  the  substrate  temperature  to  its  vaporization  level  (e.g.  200°  C  for  glass 
reinforced  epoxy)  and  achieve  thin  film  metal  removal  via  the  explosion  mechanism  explained  above. 

In  another  example,  Rumsby  et  al.  discuss  a  mechanism  for  UV  excimer-based  removal  of  thin  metal  or  oxide 
film  from  flexible  and  other  types  of  substrates6.  According  to  the  authors,  the  incident  laser  pulse  is  only  partially 
absorbed  by  the  film  so  that  a  small  part  of  the  energy  reaches  the  film-substrate  interface.  The  authors  explain  that  the 
discontinuity  at  the  interface  produces  high  electric  field  gradients,  which  cause  the  thin  film  to  be  ejected  from  the 
surface  at  high  speed.  Ablation  threshold  is  lower  for  thinner  film.  They  also  state  that  since  the  metal  film  is  shocked 
from  the  surface  and  not  directly  cut,  the  edge  quality  of  the  patterned  area  is  dependent  upon  the  quality  of  the  coated 
thin  film  layer.  The  finer  the  grain  structures  the  better  the  quality  of  the  edge.  In  addition,  the  authors  state  that  for 
some  metals  there  is  evidence  suggesting  that  the  material  may  be  removed,  at  least  partially,  in  molten  form. 

Again,  the  process  discussed  in  this  paper  is  an  excimer-based  mask  pattern  projection  process  used  to  directly 
remove  a  thin  ITO  film  deposited  on  a  thin  Si02  barrier  layer  that  is  deposited  on  a  flexible  PET  substrate.  We  propose 
that  three  different  mechanisms  take  place  simultaneously  dining  the  removal  process.  These  mechanisms  are  ablative 
removal,  melt  induced  removal,  and  heat  induced  softening  at  the  edge  of  removal  region  followed  by  shrinking  and 
curling.  Following  is  a  detailed  discussion  of  the  proposed  mechanisms. 

Forouhi  et  al.  have  experimentally  determined  the  extinction  coefficient  k  of  ITO  film  on  quartz  substrate  over  a 
wide  spectral  range  .  The  determined  extinction  coefficient  k  is  0.1539  and  0.5  at  308  nm  and  248  nm  wavelength, 
respectively.  Since  the  optical  properties  of  ITO  films,  including  k,  are  highly  dependent  on  deposition  parameters,  our 
specific  ITO  film  may  have  a  slightly  different  k.  However,  it  can  be  assumed  with  some  approximation  that  our  ITO 
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film  has  the  same  extinction  coefficient  values  mentioned  above.  These  values  are  then  plugged  in  equation  (1),  below, 
and  the  corresponding  ITO  film  absorption  coefficients  are  calculated12. 

a=  (4.7t.k)A.  (1) 

where  a  is  the  absorption  coefficient,  and  X  is  the  operating  wavelength. 

Based  on  the  calculation,  our  ITO  film  has  an  absorption  coefficient  a  ~  6.279  x  104  cm'1  and  2.5335  x  105  cm 1 
at  308  nm  and  248  nm  wavelength,  respectively.  Polyimide  material  has  an  absorption  coefficient  a  =  1.2  x  10  cm' 
and  2.8  x  105  cm'1  at  308  nm  and  248  nm  wavelength,  respectively13.  Notice  that  the  calculated  values  of  the  ITO  film 
absorption  coefficient  are  relatively  close  to  those  of  polyimide  at  308  nm  and  248  nm  wavelengths.  Hence,  similar  to 
polyimide  material,  the  ITO  material  can  be  excimer  ablated  at  these  wavelengths  when  using  a  fluence  level  above  a 
certain  threshold. 

The  system  aerial  image  (i.e.  image  at  the  substrate  plane)  has  critical  line  width  with  a  certain  fluence  level  and 
a  fluence  gradient  at  the  edge14.  The  gradient  slope  depends  on  the  system  imaging  quality  represented  by  many 
parameters  including  resolution.  The  better  the  image  quality  the  higher  the  gradient  slope,  resulting  in  a  narrower 
gradient  regime.  Conventionally  known  ablation  is  obtained  at  fluence  levels  higher  than  the  ablation  threshold  within 
the  critical  line  width  and  within  the  higher  portion  of  the  edge  fluence  gradient.  As  the  fluence  decreases  along  the 
gradient  it  becomes  low  enough  to  fall  below  the  ablation  threshold  but  high  enough  to  cause  laser  induced  melting.  At 
even  lower  fluence  levels  along  the  gradient,  we  obtain  heat  induced  softening  of  the  ITO  material.  The  melting  point  of 
ITO  material  is  around  1900  °C.  Hence,  the  melting  and  softening  mechanisms  occurring  during  this  process  suggest 
that  the  temperature  of  the  ITO  material,  in  some  localized  regions,  rises  to  a  level  that  is  in  the  neighborhood  of  the 
melting  point.  However,  no  damage  is  caused  to  the  heat  sensitive  substrate  due  to  the  transient  nature  of  the 
mechanisms  occurring  on  nanoseconds  time  scale.  The  excimer  short  pulse  width  of  ~  34  nsec  coupled  with  high 
absorption  coefficients  (0.6279  x  10s  cm'1  at  308  nm  and  2.5335  xlO5  cm'1  at  248  nm)  confine  the  extreme  heating  which 
causes  melting  and  softening  to  the  thin  ITO  layer.  Furthermore,  the  4  pm-thick  Si02  layer  serves  as  a  thermal  barrier  to 
protect  the  heat  sensitive  PET  substrate  during  the  excimer-based  removal  process15.  Such  ultra-fast  thermal 
mechanisms  were  reported  and  studied  in  great  detail  for  silicon  on  sapphire  in  a  Ph.  D.  dissertation  by  M.  O.  Thompson 
of  Cornell  University16.  The  molten  material  is  mostly  removed  by  ejection  due  to  the  shock  wave  caused  by  the  excimer 
short  pulse-width  and  the,  moderately,  high  fluence.  ITO  layer  curling  takes  place  within  the  heat  induced  softening 
regime  at  the  edge  of  the  ablated  line.  In  this  regime,  the  laser  induces  an  ultrafast  temperature  rise  sufficient  to  soften 
the  material  and  cause  it  to  expand.  Upon  cooling,  the  material  shrinks  causing  curling  and  cracking  as  shown  in  figure  4 
(b).  The  figure  also  shows  bead-like  features  at  the  end  of  the  curled  layer  indicating  melting.  This  melting  takes  place 
between  the  ablation  regime  within  the  critical  line  width  and  the  heat  induced  softening/curling  regime  at  the  line 
edge15. 


Better  image  quality  (i.e.  better  resolution)  will  result  in  higher  gradient  slope  reducing  the  width  of  the  edge 
heat  induced  softening/curling  regime.  This,  as  will  be  seen  below,  results  in  much  reduced  material  curling  at  the 
ablated  line  edge.  The  lx  Dyson  lens  utilized  in  our  evaluation  runs  has  a  relatively  poor  image  quality  due  to  the  low 
NA  of  -  0.05  with  resolution  of  -  6.2  pm.  Hence,  lines  ablated  during  the  runs  have  a  very  pronounced  edge  curling  as 
shown  in  figure  4.  Figure  4(b)  shows  that  the  width  of  the  curled  region  on  either  side  can  reach  about  4  pm.  A  cross- 
sectional  view  of  the  ablated  line,  shown  in  figure  4(c),  clearly  shows  the  existence  of  curling  with  curled  material  height 
of  -  1.2  pm.  It  will  be  seen  later  in  this  paper,  that  edge  curling  was  observed  even  after  a  single  pulse.  Thus,  within  the 
pulse  duration,  the  laser,  simultaneously,  drives  the  three  proposed  mechanisms:  ablation,  melting  and  heat  induced 
softening.  The  shock  wave  removes  the  ablated  material  and  most  of  the  molten  material  by  ejection  and  causes  the 
heat-softened  ITO  material  to  extrude  upwards  and  subsequently  curl  upon  cooling. 

3.4  Edge  quality  (curling)  as  a  function  of  wavelength  and  imaging  quality 

The  effect  of  wavelength  and  imaging  quality  on  the  curling  phenomenon  was  tested  using  two  other  Tamarack 
experimental  imaging  systems  operating  at  308  nm  and  248  nm  wavelengths.  The  systems,  used  in  a  stationary  mode 
(i.e.  no  scanning),  were  equipped  with  5x  reduction  projection  lenses.  The  lenses  have  a  good  imaging  quality  with  NA- 
0.1  for  the  308  nm  5x  reduction  lens  and  NA  =  0.08  for  the  248  nm  5x  reduction  lens,  resulting  in  a  resolution  value  of 
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~  3.1  pm  for  both.  Both  5x  systems  were  optimized  for  ablating  line  features  in  the  ITO  layer.  SEM  and  conductivity 
testing  were  utilized  to  determine  optimal  conditions  for  complete  ITO  removal  without  damaging  the  underlying  layers. 
The  optimal  ablation  conditions  for  the  5x  system  operating  at  308  nm  wavelength  were  the  same  as  determined  for  the  1 
x  Dyson  308  nm  system  used  in  the  evaluation  work  (i.e.  350  mJ/cm2, 10  pulses,  and  10  Hz).  The  optimal  conditions  for 
the  5x  248  nm  system  were  1 63  mJ/cm2,  10  pulses,  and  1 0  Hz. 


Initially  the  curling  effect  was  examined  after  1  pulse  using  each  system  under  the  above-mentioned  optimal 
fluence  and  repetition  rate  conditions.  Figure  5(a)  shows  SEM  cross-sectional  view  for  an  edge  of  a  feature  ablated  using 
the  308  nm  5x-reduction  system  under  the  optimal  fluence  level  with  duration  of  1  pulse.  Figure  5(b)  shows  a  SEM 
cross-sectional  view  for  an  edge  of  a  feature  ablated  using  the  248  nm  5x-reduction  system  under  the  optimal  fluence 
level  with  duration  of  1  pulse.  Notice  that  the  curling  effect  is  evident  even  after  a  single  pulse,  indicating  that  the  laser 
induced  mechanisms,  responsible  for  edge  curling,  do  take  place  within  a  single  pulse  as  proposed  in  the  mechanism 
section  above.  Also,  notice  that  ITO  layer  edge  curling  is  more  pronounced  at  308  nm  wavelength  confirming  that  the 
edge  curling  effect  is  thermally  driven.  Thermal  effects  are  more  pronounced  at  longer  wavelengths. 

Subsequently,  the  effect  of  resolution  was  studied.  In  this  study,  both  of  the  5x  3.  lpm  resolution  systems  were 
used  to  ablate  lines  in  the  ITO  layer  under  their  particular  optimized  conditions.  At  308  nm  wavelength,  we  can  compare 
ablated  line  edge  quality  (curling)  produced  by  the  5x  3.1  pm  resolution  system  to  the  one  produced  by  the  lx  Dyson  6.2 
pm  resolution  system,  both  running  under  the  same  conditions.  Figure  6(a)  shows  a  SEM  cross-sectional  view  of  a  line 
ablated  in  ITO  using  the  308  nm  5x-reduction  system  with  line  width  of  ~  3  pm.  Notice  that  the  curling  effect  still  exists 
as  produced  with  the  308  nm  lx  Dyson  system.  However,  curling  is  dramatically  reduced.  The  width  of  the  curled 
region  at  either  edge  of  the  line  is  0.6-0.8  pm  as  opposed  to  1.2-4  pm  produced  by  lx  Dyson  system.  The  curled 
extrusion  height  is  ~  0.7  pm  as  opposed  to  1.2  pm  produced  by  lx  Dyson  lens  system.  Figure  6(b)  shows  a  SEM  cross- 
sectional  view  of  a  line  ablated  in  ITO  using  the  248  nm  5x-reduction  system  with  line  width  of  -  2.6  pm.  The  curling 
effect  is  also  evident  but,  again,  with  a  much  narrower  dimension  than  produced  by  the  308nm  lx  Dyson  system.  The 
width  of  the  curled  region  on  either  side  is  0.5  pm  and  its  height  is  -  1.18  pm.  This  study  shows  that  better  imaging 
quality  (i.e.  better  resolution)  dramatically  reduces  the  non-desirable  curling  effect.  In  addition,  better  imaging  quality 
allows  successful  excimer-based  patterning  of  lines  with  very  small  line-widths  of  2.6-3  pm. 

3.5  Effect  of  edge  curling  on  device  performance  and  evaluation  of  a  curled  material  removal  process 

The  curled  ITO  material  extruding  beyond  the  ITO  layer  top  surface  can  have  adverse  effects  on  the 
performance  of  the  display  device.  The  material  can  intrude  into  the  liquid  crystal  layer  causing  discontinuity  within  a 
displayed  pixel.  Also,  during  device  construction,  the  loosely  held  curled  material  may  break  free  and  contaminate  the 
liquid  crystal.  Therefore,  it  is  important  to  remove  the  curled  material  on  the  edge  of  ablated  features.  A  preliminary 
evaluation  for  curled  material  removal  by  C02  snow-based  cleaning  process  was  performed.  The  process  is  based  on 
directing  a  C02  snow  jet  on  a  sample  surface.  The  jet,  incident  on  the  surface  at  a  certain  angle,  is  scanned  uniformly  to 
remove  any  contamination  particles  and  the  extruding  curled  material17. 


Samples  ablated  by  the  various  systems  mentioned  in  this  paper  were  exposed  to  C02  snow  jet  to  test  its 
effectiveness  in  removing  the  curled  material.  Figure  7(a)  shows  a  SEM  cross-sectional  view  of  a  line  ablated  with  the 
308  nm  lx  Dyson  lens  system  using  the  optimized  conditions.  The  line  width,  before  C02  snow  cleaning,  is  12.5  pm. 
The  curled  region  on  either  side  of  the  line  has  a  width  of  ~1 .4  pm  and  a  height  of  ~  1 .2  pm.  Figure  7(b)  shows  a  SEM 
cross-sectional  view  of  the  same  line  after  C02  snow  cleaning.  The  line  width  is  ~  15.3  pm  and  the  curled  material  is 
completely  removed.  Figure  8(a)  shows  a  SEM  cross-sectional  view  of  a  line  ablated  with  the  308  nm  5x-reduction 
system,  using  the  optimized  conditions.  The  line  width,  before  C02  snow  cleaning,  is  ~  3  pm.  The  curled  region  on 
either  side  of  the  line  has  a  width  of  0.6-0.8  pm  and  a  height  of  -  0.6  pm.  Figure  8(b)  shows  a  SEM  cross-sectional 
view  of  the  same  line  after  C02  snow  cleaning.  The  line  width  is  ~  5.4  pm  and  the  curled  material  is  completely 
removed.  Figure  9(a)  shows  a  SEM  cross-sectional  view  of  a  line  ablated  with  the  248  nm  5x-reduction  system  under 
the  optimized  conditions.  The  line  width,  before  C02  snow  cleaning,  is  2.6  pm.  The  curled  region  on  either  side  of  the 
line  has  a  width  of  0.5  pm  with  a  height  of  1.2  pm.  Fig.  9(b)  shows  a  SEM  cross-sectional  view  of  the  same  line  after 
C02  snow  cleaning.  The  line  width  is  ~  3.9  pm  and  the  curled  material  is  completely  removed. 
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In  all  of  the  above-mentioned  cases,  the  C02  snow  cleaning  method  successfully  removed  the  curled  material. 
However,  as  shown  in  figure  10,  the  ablated  line  edge  has  a  jagged  appearance  after  cleaning.  This  is  due  to  unwanted 
excessive  peeling  in  some  locations.  The  excessive  peeling  is  attributed  to  the  aggressive  conditions  (angle,  flow,  etc.) 
of  C02  snow  jet  used  in  the  preliminary  cleaning  evaluation.  As  demonstrated  above,  cross-sectional  SEM  analysis  of 
cleaned  lines  showed  no  residue  of  curled  material  or  de-lamination  at  the  edges.  Hence,  the  aggressiveness  of  the 
cleaning  process  can  be  reduced  to  minimize  the  jagged  line  edge  appearance  while  still  achieving  complete  removal  of 
the  curled  material.  Therefore,  it  is  necessary  to  perform  further  optimization  of  the  cleaning  process. 

4.  SUMMARY 

In  summary,  we  have  evaluated  excimer-based  ablative  patterning  of  large  format  display  device  thin  film  ITO. 
The  ITO  film  is  sputtered  on  thin  film  Si02  that  is  deposited  on  flexible  PET  substrate.  The  evaluation  was  performed 
using  a  308  nm  excimer-based  mask  pattern  projection  system.  Ablation  conditions  were  optimized  at  a  fluence  level  of 
350  mJ/cm2  and  a  pulse  count  of  10  pulses,  using  10  Hz  repetition  rate.  The  system  relies  on  a  scan-and-repeat  method 
to  pattem-ablate  existing  large  format  display  devices  with  lines  of  length  44  mm  and  width  as  small  as  12.5  pm.  It  is 
also  capable  of  pattern-ablating  devices  of  larger  formats  up  to  150  mm  x  150  mm,  if  required.  Ablated  line  edge  quality 
suffers  slightly  due  to  a  thermally  induced  curling  effect.  It  was  shown  that  improvement  of  the  system  imaging  quality 
could  significantly  reduce  the  curling  effect  and  allow  patterning  of  lines  with  width  as  small  as  2.6  pm.  In  addition,  a 
C02  snow-based  process  for  removing  extrading  curled  material  was  preliminarily  evaluated.  The  process  proved 
promising,  however,  further  optimization  is  required. 
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Fig.  1 :  Process  flow  diagram  for  patterning  of  ITO-on  plastic  substrate. 

(a)  Conventional  Photolithography. 

(b)  Excimer-based  ablative  patterning. 


Fig.  2:  Tamarack  Model  330  system.  Close-up  view  of  system  mask,  lens,  and  substrate  stage. 
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Fig.  3:  Schematic  of  Aluminum-on-Quartz  mask  utilized  in  excimer-based  ablative  ITO  patterning  (not  to  scale).  Comments  in 
brackets  illustrate  conductivity  measurement  on  pattern-ablated  ITO  part,  which  is  approximately  a  lx  reproduction  of  the  mask 
pattern. 
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Fig.  4:  (a)  SEM  top  view  of  a  grouping  of  lines  ablated  by  excimer  in  ITO  layer  using  1 1  pm  wide  mask  lines,  lx  Dyson  system, 
resolution  ~  6.2  pm,  308  nm,  350  mJ/cm2,  10  pulses,  10  Hz.  (b)  SEM  top  view  of  a  single  line  out  of  the  grouping  mentioned  above, 
(c)  Ablated  line  SEM  cross-sectional  view.  Line  width  =  12.5  pm,  curled  material  width  ~  1.4  pm,  curled  material  height  ~  1.2  pm. 


(a)  (b) 


Fig.  5:  (a)  SEM  cross-sectional  view  of  an  ablated  feature  edge.  Feature  ablated  in  ITO  using  5x-reduction  stationary  system, 
resolution  ~  3.1  pm,  308  nm,  350  mJ/cm2,  1  pulse,  10  Hz.  (b)  SEM  cross-sectional  view  of  an  ablated  feature  edge.  Feature  ablated  in 
ITO  using  5x-reduction  stationary  systems,  resolution  ~  3.1  pm,  248  nm,  163  mJ/cm2, 1  pulse,  10  Hz. 
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Fig-6:  (a)  SEM  cross-sectional  view  of  line  ablated  using  stationary  308  nm  5x-reduction  system  with  resolution  -  3.1  pm  at  350 
mJ/cm  ,  10  pulses,  10  Hz.  Line  width  =  3  pm,  curled  region  width  =  0.6-0.8  pm,  curled  region  height  =  0.65  pm.  (b)  SEM  cross- 
sectional  view  of  line  ablated  using  stationary  248  nm  5x-reduction  system  with  resolution  ~  3.1  pm  at  163  mJ/cm2,  10  pulses,  10  Hz. 

Line  width  =  2.6  pm,  curled  region  width  =  0.5  pm,  curled  region  height  =  1 . 1 8  pm. 


Fig.  7:  (a)  SEM  cross-sectional  view  of  ablated  line  before  C02  snow  cleaning.  Line  was  ablated  using  1 1  pm  wide  mask  lines,  the  lx 
Dyson  system,  308  nm,  350  mJ/cm2, 10  pulses,  10  Hz.  Line  width  =  12.5  pm,  curled  material  width  ~  1.4  pm,  curled  material  height  ~ 
1 .2  pm.  (b)  SEM  cross-sectional  view  of  same  line  after  C02  snow  cleaning.  Line  width  15.2  pm. 


Fig.  8:  (a)  SEM  cross-sectional  view  of  ablated  line  before  C02  snow  cleaning.  Line  was  ablated  using  the  stationary  308  nm  5x 
reduction  system  at  350  mJ/cm2,  10  pulses,  10  Hz.  Line  width  =  3  pm,  curled  region  width  =  0.6-0.8  pm,  curled  region  height  =  0.653 
pm.  (b)  SEM  cross-sectional  view  of  same  line  after  C02  snow  cleaning.  Line  width  =  5.4  pm. 
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Fig.  9:  (a)  SEM  cross-sectional  view  of  ablated  line  before  C02  snow  cleaning.  Line  was  ablated  using  the  stationary  248  nm  5x 
reduction  system  at  163  mJ/cm2,  10  pulses,  10  Hz.  Line  width  =  2.6  pm,  curled  region  width  =  0.5  pm.  Curled  region  height  =1.18 
pm.  (b)  SEM  cross-sectional  view  of  same  line  after  C02  snow  cleaning.  Line  width  =  3.9  pm. 


Fig.  10:  SEM  top  view  of  typical  ITO  ablated  sample  after  C02  snow  cleaning. 
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ABSTRACT 

The  pyrolysis  of  polysilazanes  by  laser  power  represents  an  innovative  technique  for  the  generation  of  ceramic-like 
coatings  and  structures.  The  dissolved  polysilazane  can  be  easily  applied  by  painting  techniques  such  as  dipping  or 
spraying.  In  the  following  pyrolysis  the  polysilazane  layer  transforms  into  an  amorphous  ceramic-like  coating.  The  laser 
power  is  absorbed  in  the  precursor  layer,  which  leads  to  the  latter’s  ceramisation  without  damaging  the  substrate  by 
thermal  load.  While  plane  laser  pyrolysis  creates  a  protective  coating,  selective  pyrolysis  creates  a  raised  and  adherent 
ceramic-like  structure  that  remains  after  the  unexposed  polymer  layer  has  been  removed.  The  flexibility  of  a  writing 
laser  system  in  conjunction  with  a  suitable  handling  system  makes  it  possible  to  inscribe  any  kind  of  two-dimensional 
structure  on  nearly  any  complexly  shaped  part.  Some  of  the  chemical,  magnetic,  and  electrical  structure  properties  can 
be  adjusted  by  the  pyrolysis  parameters  and  special  types  of  filler  particles.  Especially  the  possibility  to  control  electric 
conductivity  should  make  it  possible  to  create  structured  dielectric  films  or  planar  resistors,  inductors  or  capacitors, 
which  are  basically  written  on  the  surface  of  the  part.  Because  of  their  ceramic  nature  the  structures  are  resistant  against 
high  temperatures  and  corrosive  media.  Thus,  this  new  additive  structuring  technique  could  finally  strike  a  new  path  in 
creating  corrosion  resistant  high-temperature  sensors  and  control  systems. 

Keywords:  laser  pyrolysis,  polysilazane,  surface  treatment,  additive  structuring,  functional  structures 

1.  INTRODUCTION 

In  this  paper,  pyrolysis  means  the  transformation  of  special  polymers  (so-called  precursors)  into  ceramic  materials  by 
heating.  As  powder,  solution,  or  melt  they  can  be  processed  into  fibers,  coatings,  or  compact  parts.  Especially  the 
generation  of  ceramic  coatings  and  structures  is  of  interest  because  in  conjunction  with  such  innovative  technologies  as 
laser  material  processing  it  offers  a  powerful  alternative  to  conventional  coating  techniques. 1,2,3  Normally,  the  pyrolysis 
of  the  preformed  precursor  is  done  in  a  furnace  under  protective  atmosphere.  Because  of  the  loss  of  mass  during  the 
transition  of  the  polymer  to  the  ceramic  state  a  corresponding  loss  in  volume  occurs.  This  can  lead  to  unwanted  cracks 
especially  when  thick  layers  and  parts  are  pyrolysed.  Filling  powders  are  used  to  avoid  this  problem.4,5  The  filler 
powders  can  also  give  the  pyrolysed  part  a  special  function. 

Polysiloxane  polymers  (SiCO  polymer)  are  often  used  as  precursor  material  because  they  are  cheap  and  stable  in  air. 
Polysilazanes  (SiCN  polymer),  in  contrast,  are  expensive  and  normally  unstable  in  air  so  that  they  can  only  be  used  for 
special  applications.  Nevertheless,  in  both  their  polymer  and  their  ceramic  state,  polysilazanes  show  a  much  better 
adhesion  to  almost  any  kind  of  substrate  than  polysiloxanes  do.6  Furthermore,  a  new  specially  modified  polysilazane 
called  ABSE  was  developed  that  shows  a  very  low  air  sensitivity  so  that  it  can  be  applied  and  pyrolysed  in  air.7  The 
high  cost  of  the  ABSE  precursor  compared  with  conventional  polysiloxanes  is  put  into  perspective  when,  as  in  this 
project,  only  thin  precursor  layers  are  needed. 

Temperatures  above  700°C  are  needed  to  ceramize  the  ABSE  polymer.  This  limits  the  generation  of  coatings  and 
structures  to  high-melting  materials  such  as  CMCs  (Ceramic  Matrix  Composites).  For  the  coating  of  low-melting 
substrates,  e.g.  aluminum  or  magnesium,  the  laser  is  a  suitable  instrument  for  pyrolysis.  The  laser  power  is  absorbed  in 
the  coating  so  that  it  is  heated  and  transforms  into  a  ceramic  layer.  The  substrate,  however,  stays  “cold”;  i.e.  it  is  not 
damaged  by  the  laser  beam.  Another  advantage  of  laser  pyrolysis  is  the  flexibility  of  the  process.  With  the  help  of  a 
writing  laser  system  the  precursor  can  be  pyrolysed  only  selectively.  Thus,  it  is  possible  to  write  a  ceramic  pattern  on 
nearly  any  complexly  shaped  part.  * 
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2.  LASER  PYROLYSIS  OF  POLYSILAZANE 


2.1  Pyrolysis  with  a  C02  laser 


Pyrolysis  of  an  ABSE  coating  with  the  C02  laser  always  leads  to  a  crack  structure  with  a  clod  size  typically  between 


50  pm  and  100  pm.  Fig.  1  shows  the  cracks  in  an  ABSE  layer  on 
aluminum  after  treatment  with  a  C02  laser. 

The  cross-section  on  the  left  side  in  Fig.  2  shows  the  internal 
structure  of  the  ABSE  layer  on  a  C-fiber-reinforced  epoxy 
pyrolysed  with  the  C02  laser.  It  is  easy  to  see  that  the  surface  is 
formed  by  individual  ceramic-like  clods  about  10  pm  thick.  Below 
the  clods  there  is  a  thick  layer  of  crack-free  -  since  not  pyrolysed  - 
ABSE  precursor.  The  substrate  shows  no  thermal  effect  from  the 
laser  treatment.  Transmission  measurements  demonstrate  that  the 
ABSE  polysilazane  absorbs  the  radiation  of  the  C02  laser  to  an 
extremely  high  degree.3  Therefore,  nearly  all  of  the  laser’s  energy 
is  absorbed  in  the  surface  of  the  coating  and  leads  to  a  superficial 
ceramization  of  the  ABSE,  whereas  the  deeper  zones  of  the  coating 


remain  in  the  polymer  state.8  The  right-hand  side  of  Fig.  2  shows  Fig.  1:  Crack  structure  in  an  ABSE  coating  ceramized 


the  universal  hardness  (HUkorr)  over  the  shown  cross-section.  by  a  C02  laser 


0  0.4  0.8  1.2  1.6  2.0 

HUkorr  [GPa] 

Fig.  2:  Cross-section  of  an  ABSE  layer  on  a  fiber-reinforced  epoxy  and  the  corresponding  progression  of  hardness;  the  pyrolysis  is 
done  by  a  C02  laser 

The  hardness  of  the  clods  is  about  seven  times  (1.4  GPa)  that  of  the  epoxy  substrate  (0.2  GPa).  This  could  mean  a  great 
potential  for  the  wear  protection  of  weak  plastic  surfaces;  unfortunately,  the  adhesiveness  of  the  ceramized  clods  on  the 
unpyrolysed  layer  is  not  very  good:  the  clods  can  be  scratched  off  by  a  hard  subject.  Furthermore,  corrosive  liquids  or 
gases  could  invade  through  the  cracks  and  corrode  the  unpyrolysed  precursor  and  finally  the  substrate.  Thus,  at  present 
the  cracked  coating  surface  prevents  the  utilization  of  the  described  C02  laser-assisted  coating  technique  for  wear  or 
corrosion  protection  in  practical  applications. 


2.2  Pyrolysis  with  a  Nd:YAG  laser 

The  situation  changes  when  using  a  Nd:YAG  laser.  On  the  left-hand  side,  Fig.  3  shows  the  ABSE  layer  on  an  aluminum 
substrate  after  having  been  exposed  by  the  laser  three  times.  The  resultant  coating  shows  a  good  adhesiveness 
(measured  by  a  cross  cutting  test9)  and  its  surface  exhibits  a  droplet  structure.  This  may  be  a  result  of  the  forming  and 
melting  of  silicon  oxide  modifications.  The  surface  seems  crack-free  but  not  free  of  pores.  The  cross-section  shows  that 
a  continuous,  unfragmented  layer  is  formed.  This  result  differs  clearly  from  the  surface  morphology  obtained  by  C02 
laser  pyrolysis.  This  difference  could  be  explained  by  the  unequal  absorption  behavior  of  the  two  laser  wavelengths 
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within  the  ABSE  layer.  As  explained  above,  the  C02  laser  radiation  is  completely  absorbed  in  the  ABSE  layer  within  a 
distance  of  only  a  few  micrometers,  which  leads  to  the  fragmented  coating  structure  shown.  The  Nd:YAG  laser 
radiation,  in  contrast,  is  absorbed  in  the  whole  volume  of  the  layer,  since  ABSE  shows  a  medial  absorption  for  this  type 
of  laser  radiation.10  This  leads  to  a  “smooth”  pyrolysis  without  crack  formation. 

On  the  right-hand  side,  Fig.  3  shows  the  distribution  of  the  universal  hardness  measured  on  the  surface  of  the  coating.  It 
can  be  seen  that  the  maximum  of  the  distribution  lies  around  a  hardness  value  of  3.6  GPa,  i.e.  a  hardness  of  the 
pyrolysed  layer  that  is  more  than  3  times  that  of  the  aluminum  substrate  (1.1  GPa,  vertical  line). 


Fig.  3.  Topography  and  cross-section  of  an  ABSE  layer  on  aluminum  pyrolysed  by  a  Nd:YAG  laser;  frequency  distribution  of  the 
hardness  measured  on  the  coating  surface 


3.1  Experimental  procedure 


3.  SELECTIVE  LASER  PYROLYSIS 


For  the  coating  of  substrates  by  polysilazane,  the  ABSE  precursor  is  dissolved  in  octane.  Because  of  the  good  results  in 
previous  studies  A1203  powder  is  mixed  into  the  solution,  which  is  then  applied  to  A1203  substrates  by  dip  coating  or 
with  the  help  of  a  doctor  roll.10  After  the  solvent  has  evaporated,  ceramic-like  structures  are  generated  by  selective  laser 
pyrolysis.  In  order  to  create  micro-sized  structures,  it  is 


necessary  to  use  a  laser  system  with  a  well-focusable  beam. 
While  for  plane  laser  pyrolysis  a  wide  beam  (defocusing) 
suffices  to  radiate  an  area  as  large  as  possible,  selective  laser 
pyrolysis  has  to  be  done  preferably  in  or  near  the  focus  of  the 
beam,  depending  on  the  desired  width  of  the  structure.  A  beam 
diameter  smaller  than  50  pm  is  useful  to  create  thin  lines. 
Because  of  the  small  spot  size  a  few  watts  of  laser  power  are 
enough  to  pyrolyse  the  ABSE  precursor.  For  pyrolysis,  the 
guidance  system  of  the  laser  should  be  a  scanner  system  as 
shown  in  Fig.  4.  The  guidance  of  the  beam  by  mirrors,  which 
are  moved  very  fast  by  galvanometers,  allows  scanning 
velocities  up  to  5  m/sec.  with  a  positioning  precision  better  than 
10  pm.  In  this  project,  pyrolysis  is  done  with  an  argon  ion  laser 
(A.  =  514,5  nm.  Coherent,  Innova  Sabre  15/3  DBW)  with  a  beam 


diameter  of  about  33  pm  and  a  maximum  power  of  14  W  and  a 


NdrYAG  laser  (A.  =  1064  nm,  Haas-Laser,  VMC1)  with  a  spot 
size  of  about  45  pm  and  a  maximum  power  of  7  W.  Both  laser 


Fig.  4:  Optical  setup  of  a  laser  system  adapted  for  micro 
structuring 
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work  in  cw-mode.  For  the  structuring  experiments,  the  model  pattern  in  Fig.  4  (toothed  wheel  with  writing)  is  chosen  to 
show  the  potential  of  the  technique  by  means  of  different  criteria.  The  pattern  shows  both  straight  and  bent  lines, 
different  angles,  and  lines  that  run  parallel  with  different  spacing. 


3.2  Uncovering  the  structure 

The  radiation  of  the  ABSE  coating  is  done  only  selectively.  Thus,  the  unexposed  polymer  layer  could  be  removed  after 
the  structuring  process  by  dissolving  it  e.g.  in  acetone.  The  cleaning  procedure  is  very  successful  when  done  in  an 
ultrasonic  bath:  the  unpyrolysed  precursor  is  already  removed  after  a  few  seconds.  Fig.  5a  shows  the  un-cleaned 
structure  generated  with  an  argon  ion  laser  slightly  out  of  its  focus  (beam  diameter  on  the  surface  of  the  coating  is  about 
100  pm).  After  cleaning,  the  unexposed  polymer  is  removed  and  the  ceramized  part  of  the  structure  remains  (Fig.  5b). 
The  dark  rims  of  the  structures  in  Fig.  5a  are  the  heat-affected  zone.  This  is  the  non-irradiated  but  thermally  affected 
precursor,  which  frames  the  directly  illuminated  and  ceramized  core  of  the  structure.  Often,  parts  of  the  heat-affected 
zone  remain  after  cleaning  in  acetone.  Because  of  their  poor  mechanical  properties  these  relicts  can  be  removed 
completely  by  enforcing  the  cleaning  process  using  a  brush. 


Fig.  5:  Excavating  a  ceramic  structure  generated  with  an  argon  ion-laser  on  an  A1203  substrate,  a.  structure  before  excavating; 
b.  structure  after  cleaning  with  acetone  in  an  ultrasonic  bath  and  with  a  brush 


Fig.  5a  shows  how  the  heat-affected  zone  ranges  beyond  the  generated  structure  widely  into  the  unexposed  layer. 
Parallel  to  the  temperature  gradient  that  establishes  during  pyrolysis,  the  precursor  goes  through  all  states  from 
complete  ceramisation  to  cross-linked  and  finally  unaffected  polymer.  While  the  polymer  in  the  region  of  the  laser 
beam  is  ceramized  and  thus  indicates  a  good  corrosion  and  wear  resistance,  the  coating  in  the  heat-affected  zone  shows 
insufficient  toughness  and  can  be  removed  easily. 


3.3  Characterization  of  the  structures 

The  generated  microstructures  are  investigated  using  materialographical  methods.  Because  of  its  low  depth  of  focus,  the 
light  microscope  is  used  only  for  a  superficial  examination  of  the  pyrolysis  result.  For  a  more  detailed  investigation  the 
scanning  electron  microscope  (SEM)  is  better  suited.  The  quantitative  analysis  of  the  structure  is  done  with  a  confocal 
microscope,  which  allows  a  contact-less  topography  measurement.  Fig.  6  shows  a  light-microscopic  overview  of  the 
structure  pyrolysed  with  the  argon  ion  laser  on  an  A1203  plate,  a  topographic  map,  and  a  detailed  SEM  picture.  The 
topographic  map  demonstrates  that  a  raised  structure  with  a  height  of  about  3  pm  was  produced.  The  SEM  picture 
shows  the  structure  in  detail. 
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Fig.  6.  Ceramic-like  structures  on  A1203  substrate,  generated  with  an  argon  ion  laser,  a.  light-microscopic  picture;  b.  topographic 
map;  c.  detailed  SEM  picture 


It  can  be  seen  that  the  structure  is  crack-free  but  interspersed  with  small  pores.  There  are  sporadic  remains  of  probably 
unpyrolysed  coating  material  covering  the  structure.  Fig.  6c  shows  such  a  remain.  The  ABSE  precursor  filled  with 
A1203  powder  obviously  is  highly  transparent  to  the  green  light  of  the  argon  ion  laser.  This  leads  to  an  absorption  of 
laser  power  at  the  layer-substrate  contact  area;  thus,  this  region  is  heated  and  pyrolysis  takes  place  there.  The  polymer 
located  above  this  region  is  blasted  off  by  the  pyrolysis  gases  and  volume  shrinkage.  Finally,  a  ceramized  layer  remains 
that  is  only  a  few  microns  thick.  This  effect  indicates  that  the  starting  thickness  of  the  coating  probably  has  only  little 
influence  on  die  final  structure  height.  Further  investigations  with  other  precursor-filler  systems  are  necessary  to  get 
more  information  about  the  mechanism  of  laser  pyrolysis  and  finally  to  create  also  higher  structures. 

Laser  structuring  is  also  done  with  a  Nd:YAG  laser.  Fig.  7  shows  light-microscopic  pictures  and  corresponding 
topographic  maps  of  structures  with  different  sizes  generated  with  the  Nd:YAG  laser  on  A1203  substrates. 


Fig.  7:  Differently  sized  ceramic-like  structures  on  A1203  substrates,  generated  with  a  Nd:YAG  laser;  light-microscopic  pictures 
and  corresponding  topographic  maps.  a.  Structure  diameter  da  =  5,17  mm;  b.  Structure  diameter  db  =  2,26  mm;  c.  Structure 
diameter  tk  =  1,08  mm 
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The  structures’  height  is  about  4  urn  and  their  width  around  70  pm.  Whereas  in  the  model  structure  in  Fig.  7a  all  lines 
are  separated,  the  structure  in  Fig.  7b  shows  a  borderline  case:  the  internal  lines  of  the  writing  touch  each  other  but  are 
still  recognizable  as  independent  lines.  Fig.  7c  finally  shows  these  lines  conflating.  The  generation  of  such  fine,  closely 
spaced  lines  as  separated  structure  elements  requires  a  better-focusable  laser.  Future  work  should  show,  if  this  can  be 
realized  with  a  fiber  laser,  which  has  a  spot  size  of  about  10  pm.  Fig.  8  shows  SEM  pictures  of  the  structures  from 
Fig.  7.  The  structure  lines  are  almost  crack-free  and  have  only  few  pores.  Their  surface  roughness  is  less  than  that  of  the 
substrate. 


Fig.  8:  Ceramic-like  structure  lines  on  A1203  substrates,  generated  with  the  Nd:YAG  laser,  detailed  SEM  pictures  of  the  structures 
from  Fig.  7 


At  70  pm  the  line  width  is  about  60  %  bigger  than  the  spot  size  of  the  laser  beam  (45  pm).  The  heat  insertion  in  the 
surrounding  precursor  layer  by  heat  conduction  obviously  is  high  enough  for  pyrolysis  to  take  place  outside  the 
irradiated  area.  New  irradiation  strategies,  e.g.  the  use  of  a  pulsed  laser  or  increasing  the  scanning  velocity,  should 
probably  make  it  possible  to  reduce  the  heat-affected  zone  and  generate  smaller  lines  with  the  same  laser  system. 


3.4  Abrasion  resistance  of  the  structures 

An  important  criterion  to  estimate  the  practical  usability  of  the  structures  is  their  abrasion  wear  behavior.  Therefore,  a 
simple  testing  machine,  pictured  in  Fig.  9,  was  built. 


Fig.  9:  Abrasion  tester:  device  for  the  investigation  of  the  abrasion  resistance  of  the  generated  ceramic  structures  (according  to  DIN 
58196-411) 


Proc.  SPIE  Vol.  4637 


107 


This  wear  tester  helps  to  investigate  the  resistance  of  the  structure  against  abrasion  according  to  DIN  58196-4  using  a 
rubber.  The  sample  is  clamped  on  a  board,  which  is  assembled  on  a  linear  guide  and  driven  forward  and  backward  by 
an  electro  motor.  This  motion  presses  a  rubber  against  the  sample  with  a  load  of  10  N  and  strains  the  structure. 

Fig.  10  shows  topographic  maps  and  detailed  light-microscopic  pictures  of  structures  generated  with  a  Nd:YAG  laser 
and  exposed  to  abrasion  by  the  wear  tester  described  above.  The  left-hand  side  shows  the  initial  state.  The  structure 
height  is  about  4  pm.  The  center  picture  describes  the  situation  after  1000  cycles  and  the  right-hand  side  the  situation 
after  5000  cycles. 


a.  Topographic  maps: 

before  abrasion  test 
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b.  Detailed  light-microscopic  pictures: 
before  abrasion  test 


after  1000  cycles 


after  1000  cycles 

L  _  . 


after  5000  cycles 


after  5000  cycles 


Fig.  10.  Ceramic-like  structures  on  AI2O3  generated  with  the  Nd:YAG  laser:  abrasion  test  with  a  rubber,  a.  topographic  maps: 
b.  detailed  light-microscopic  pictures  ' 


The  topographic  maps  demonstrate  that  the  abrasion  stress  does  not  recognizably  decrease  the  structure  height.  Even 
after  5000  cycles  the  structure  is  as  high  as  at  the  beginning.  Only  the  irregular  rims  of  the  structure  present  at  the 
beginning,  which  are  part  of  the  heat-affected  zone,  are  removed  by  the  wear  test  as  can  be  seen  in  the  light-microscopic 
picture  taken  after  1000  cycles.  This  reduces  the  structure  width  from  about  80  pm  to  50  pm,  the  area  that  had  been 
directly  irradiated  by  the  laser.  The  new  edges  of  the  structure  seem  to  be  smoother.  Even  4000  more  cycles  do  not  lead 
to  important  change  in  the  structure.  Obviously,  a  quasi-stationary  condition  is  achieved  after  a  certain  number  of 
cycles,  in  which  the  structure  shows  no  more  wear  under  the  given  conditions. 
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4.  FUNCTIONALIZATION  OF  THE  STUCTURES 


The  addition  of  suitable  filler  powders  to  the  precursor  solution  makes  it  possible  to  give  the  pyrolysed  structures 
special  functions.  This  should  facilitate  the  use  of  laser-pyrolysed  structures  e.g.  as  embedded  components  (resistors, 
inductors  or  capacitors)  in  ceramic  multi-layers  or  as  sensor  elements.  In  addition,  laser  pyrolysis  could  be  a  suitable 
method  for  the  generation  of  structured  dielectric  layers.  In  conjunction  with  photo-structurable  metal  pastes  for  the 
conducting  paths  it  should  be  possible  to  produce  complexly 


shaped  multi-ply  circuits.  This  not  only  simplifies  the 
manufacturing  process  of  ceramic  multi-layers  but  also  lowers 
tool  costs,  since  this  technology  does  not  need  punch  cutters  for 
the  generation  of  vias  between  the  single  circuit  levels.  The 
exposure  process  with  a  writing  laser  system  requires  no  forms 
or  masks.  To  change  the  circuit  layout  it  is  sufficient  to  adjust 
the  CAD  data.  Thus,  the  described  process  shows  a  maximum 
of  flexibility. 

To  give  the  structure  electric  conductivity,  an  electrically 
conducting  powder  needs  to  be  added.  Fig.  11  shows  the 
influence  of  graphite  filler  on  the  specific  electric  resistance  of 
a  structure  generated  on  an  AI2O3  substrate  with  a  Nd:YAG 
laser.  As  little  as  0.5  Vol.-%  of  graphite  content  are  enough  to 
reduce  the  specific  resistance  of  the  structure  line  from  above 
1012  Om  (good  insulator)  to  around  610"2  Sim  (equal  to  semi¬ 
conductors).  If  the  content  of  the  graphite  filler  is  increased  to 


40  Vol.-%  the  specific  resistance  shows  an  exponential  decrease 
of  factor  100  to  a  value  of  about  6104Sim.  Further 
investigation  with  metal  powders  (e.g.  copper)  should  show  if 
the  resistance  can  be  reduced  further.  Other  filler  materials 
should  also  be  tested  in  order  to  generate  other  structure 


Graphite  content  [Vol.-%] 

Fig.  11:  Specific  electric  resistance  of  a  structure  pyro¬ 
lysed  with  a  Nd:YAG  laser  on  A1203  substrate 
as  a  function  of  the  graphite  powder  content 


functions.  In  this  context  it  is  of  particular  interest  to  create 

chemically  active  structures  with  e.g.  catalytic  properties.  It  also  needs  to  be  investigated  how  the  use  of  different  filler 
types  and  a  larger  amount  of  filler  powder  affect  the  mechanical  properties  of  the  structures,  especially  their 
adhesiveness  and  abrasion  resistance. 


5.  CONCLUSION 

The  exposure  of  the  used  polysilazane  ABSE  with  a  C02  laser  showed  that  pyrolysis  of  the  precursor  is  feasible. 
Unfortunately,  it  has  not  been  possible  to  generate  un-cracked  layers  because  of  the  absorption  of  the  laser  radiation  in 
the  surface  of  the  polymer  coating  and  the  shrinkage  during  its  pyrolysis.  The  situation  changes  when  a  Nd:YAG  laser 
is  used.  Because  of  a  “smoother”  absorption  of  the  laser  power  -  i.e.  the  absorption  takes  place  over  the  whole  volume 
of  the  precursor  layer  -  the  pyrolysis  does  not  crack  the  coating.  Micro-hardness  measurements  show  a  medial  surface 
hardness  three  times  as  high  as  the  hardness  of  the  aluminum  substrate. 

When  a  writing  laser  system  is  used,  raised  and  adherent  ceramic-like  structures  can  be  generated  by  selectively 
exposing  the  precursor  and  removing  the  unexposed  polymer  with  a  solvent.  The  structure  height  is  about  4  pm,  its 
width  depends  on  the  spot  size  of  the  laser  beam  and  the  laser  parameters.  Heat  conduction  creates  a  heat-affected  zone, 
which  makes  the  structure  wider  than  the  laser  beam  diameter.  Because  of  its  insufficient  degree  of  ceramisation,  the 
heat-affected  zone  is  removed  by  mechanical  stress.  Tests  with  an  abrasive  wear  tester  have  shown  that  the  heat- 
affected  zone  can  be  removed  easily  but  the  ceramized  core  of  the  structure  lines  remains  without  a  reduction  in  height. 
In  order  to  utilize  the  structures  for  industrial  applications,  it  is  necessary  to  functionalize  them.  Therefore,  graphite 
powder  is  mixed  to  the  precursor  solution  in  order  to  generate  electric  conductivity.  Without  graphite  filler,  the 
pyrolysed  structures  show  the  specific  resistance  of  a  good  insulator  (above  1012  Qm).  But  as  little  as  0.5  Vol.-%  of 
graphite  reduces  the  resistance  to  about  61  O'2  Sim.  If  the  graphite  content  is  increased  up  to  40  Vol.-%  the  resistance  is 
again  reduced  by  factor  100. 
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ABSTRACT 

Carbonous  nano-particles  basically  consisting  of  polyperinaphthalene  (PPN),  one  of  the  low  dimensional  conducting 
polymers,  are  prepared  on  substrates  at  various  temperatures  by  excimer  laser  ablation  of  3, 4,  9,  10-perylenetetracarboxylic 
dianhydride  (PTCDA)  using  a  308nm(XeCl)  pulsed  excimer  laser  beam.  Particles  deposited  on  the  substrates  are  applied 
to  anode  electrodes  for  ultra  thin  rechargeable  Li  ion  batteries.  Substrate  temperature  dependence  of  effective  capacitance  of 
lithium  ions  at  first  cycle  are  investigated.  In  addition,  in-situ  Raman  spectroscopy  of  the  particles  under  lithium  ion 
doping  and  undoping  is  performed  to  elucidate  the  storage  mechanism  of  lithium  ion  at  cis-polyacetylene-type  edge 
(phenanthrene-edge)  of  PPN  structure.  Reversible  change  of  the  spectrum  in  the  region  related  C-H  bending  of  PPN 
structure  in  lithium  doping  and  undoping  process  supports  a  lithium  insertion  mechanism  proposed  by  Zheng  et  al.  where 
lithium  atoms  bind  on  the  hydrogene-terminated  edged  of  hexagonal  carbon  fragments. 

Keywords:  carbonous  nano-particles,  polyperinaphthlene,  excimer  laser  ablation,  anode  electrodes,  ultra  thin  rechargeable 
lithium  ion  batteries,  in-situ  Raman  spectroscopy 


1.  INTRODUCTION 

Ultra  thin  lithium  ion  rechargeable  batteries  come  to  public  notice  for  the  purpose  of  application  to  future  memory  backup 
power  supply  for  IC  cards  and  microelectronic  devices.  So,  it  is  desirable  to  develop  the  method  to  prepare  thin  film  cathode 
and  anode  electrodes  with  high  capacity. 

Recently,  a  series  of  amorphous  carbon  materials  with  hydrogen  named  polycyclic  aromatic  hydrocarbons  (PAHs)  have 
attracted  a  great  deal  of  public  attention  as  the  anode  electrodes  of  rechargeable  lithium  ion  batteries  because  of  their  higher 
capacities  and  potentials  against  the  positive  electrode.1,2  Numerous  attempts  have  been  made  to  elucidate  the  lithium 
doping  mechanism  and  enhance  the  lithium  storage  capability.  Dahn  et  al.3  pointed  out  that  in  carbons  that  contain 
substantial  amounts  of  hydrogen,  the  maximum  amount  of  lithium  that  could  be  inserted  was  proportional  to  the  hydrogen 
content,  which  suggested  that  the  lithium  binds  somehow  in  the  vicinity  of  the  H  atoms.  Zheng  et  al.4  that  high  capacities 
and  hysteresis  were  due  to  lithium  bonded  covalently  with  carbon  atoms  at  the  periphery  with  cis-polyacetylene-type 
structure  (phenanthrene-edge).  However,  structural  intricacy  of  carbonaceous  materials  makes  it  difficult  to  understand  the 
lithium  doping  mechanism. 

Along  this  trend,  in  order  to  clarify  the  lithium  ion  insertion  mechanism  and  apply  to  anode  electrode  for  ultra  thin 
lithium  ion  rechargeable  batteries,  we  have  tried  to  prepare  thin  films  of  PAH,  the  structure  of  which  can  be  specified.  We 
have  already  succeeded  to  prepare  films  consisting  of  polyperinaphthalene  (PPN)  nano-particles  by  excimer  laser  ablation 
(ELA)  of  3,  4,  9,  10-perylenetetracarboxylic  dianhyride  (PTCDA)  with  excimer  laser  beams  under  careful  control  of 
ablation  conditions. 5-7  (See  scheme  I)  PPN  is  a  member  of  the  group  of  polymers  consisting  of  condensed  aromatic  rings, 
called  the  one-dimensional  graphite  family.  This  material  is  promising  because  of  their  intrinsic  high  conductivity  and 
stability  against  oxidation.  According  to  the  theoretical  studies,  the  electronic  structure  of  PPN  or  its  related  compounds 
suggests  that  this  material  will  be  intrinsically  conductive  or  semiconductive  due  to  its  small  band  gap  and  dopant-philic 
nature  and  that  it  is  expected  to  form  novel  organic  electronic  devices  making  good  use  of  such  a  characteristic  band 
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structure.  In  addition,  as  Wang  et  al.  pointed  out,  PPN  is  promising  as  an  anode  electrodes  of  lithium  ion  rechargeable 
batteries  because  this  material  is  surrounded  by  the  phenanthrene-edge.10  We  demonstrated  that  in-situ  Raman  spectroscopy 
of  PPN  nano-particles  under  lithium  doping  and  undoping  process  was  quite  useful  to  make  clear  the  lithium  ion  insertion 
mechanism  .  Furthermore  a  trial  piece  of  thin  lithium  ion  rechargeable  battery  with  the  films  was  fabricated  to  appraise 
performance  of  the  films  as  anode  thin  electrodes  for  ultra  thin  rechargeable  lithium  ion  batteries. 

In  this  study,  dependence  of  effective  capacitance  of  lithium  ions  at  first  cycle  on  substrate  temperature  in  deposition 
are  investigated.  Furthermore,  in-situ  Raman  spectroscopy  of  the  particles  under  lithium  ion  doping  and  undoping  are 
performed  to  elucidate  the  storage  mechanism  of  lithium  ion  at  phenanthrene-edge  of  PPN  structure. 

2.  EXPERIMENTAL 

2.1.  Film  preparation  by  ELA  and  their  characterization 

The  experimental  setup  is  shown  in  Fig.  1.  PTCDA  was  compressed  into  pellet  to  use  as  a  target.  Laser  ablation  of 
PTCDA  was  performed  for  2-3  hours  in  a  reaction  chamber  evacuated  below  10'3  Torr  with  a  308  nm  (XeCl)  pulsed  beam 
of  an  excimer  laser  at  a  repetition  rate  of  5  Hz.  Deposited  films  were  prepared  on  quartz  or  KBr  substrates  located  at  a 
distance  of  3-4  cm  from  the  target.  The  substrate  temperature  (Ts)  was  controlled  with  a  heater  at  200,  300, 400  and  500°C. 


Figure  1:  (a)  Schematic  representation  of  the  experimental  set  up. 


(b)  The  reaction  chamber  for  preparation  of  PPN. 


112 


Proc.  SPIE  Vol.  4637 


Stainless 
mesh 


Glass 
filter-— 

Li  foil 
(counter) 


Stainless 

mesh 


Quartz  window 


Glass  substrate 
PPN 

Li  foil  (reference) 

i 

..  Stainless 
mech 


Electrolyte 


Figure  2:  Schematic  representation  of  the  cell  assembly  for  lithium  ion  doping. 


The  laser  beam  was  focused  on  the  PTCDA  target  with  a  quartz  lens.  The  fluence  of  the  laser  beam  was  fixed  at  0.25 
Jcm'2pulse''.  The  target  was  spun  with  a  motor,  preventing  a  laser  beam  from  concentrating  on  a  fixed  spot.  Structure  and 
electric  properties  of  the  deposited  nano-particles  were  investigated  by  scanning  electron  micrography  (SEM),  FT-IR, 
Raman,  and  electric  conductivity  measurements. 

2.2.  Electrochemical  doping  of  the  nano-particles  prepared  by  ELA  with  lithium  ion 

For  the  nano-particles  deposited  by  ELA  of  PTCDA  on  Cu  or  glass  substrates  at  Ts  =  200,  300,  400  and  500  C  (1  pm  in 
thickness  and  1  cm  x  1  cm  in  area),  electrochemical  doping  with  lithium  ions  was  performed.  Lithium  metal  foils  were  used 
as  counter  and  reference  electrodes.  1M  LiCF3S04  or  LiC104  in  propylene  carbonate  (PC)  was  applied  for  electrolyte.  Each 
electrode  was  separated  with  a  glass  filter.  After  the  films  were  rinsed  with  tetrahydrofiiran  (THF)  and  dried  in  Ar 
atmosphere,  the  cells  were  fabricated  in  a  dry  box  filled  with  Ar. 

Electrochemical  properties  of  the  nano-particles  were  investigated  by  charge-discharge  cycling  tests.  The 
electrochemical  measurements  were  carried  out  at  25°C.  In-situ  Raman  spectroscopy  was  performed  for  doping  of  the 
nano-particles  with  lithium  ions  at  several  doping  levels  in  the  initial  charge  and  discharge  cycle.  Schematic  representation 
of  a  special  cell  fabricated  for  in-situ  Raman  spectroscopy  is  shown  in  Fig.  2.  For  in-situ  Raman  spectroscopy,  a  dispersive 
Raman  spectrometer  T64000  (Jobin  Yvon)  was  used.  A  beam  at  488nm  was  applied  for  the  excitation. 

3.  RESULTS  AND  DISCUSSION 
3.1.  Preparation  PPN  nano-particles  by  ELA  of  PTCDA 

In  this  study,  nano-particles  were  deposited  by  ELA  of  PTCDA  at  a  wavelength  and  a  fluence  of  308  nm  and  0.25 
Jcm"2pulse'!,  respectively,  as  reported  before5,6.  As  for  substrate  temperature,  400  and  500°C  were  applied  as  well  as  200 
and  300°C,  in  order  to  investigate  the  substrate  temperature  dependence  of  the  molecular  structure  in  higher  temperature 
region  than  that  we  reported  before. 

SEM  image  of  a  deposited  film  prepared  by  ELA  at  Ts  of  300°C  is  sown  in  Fig.  3.  The  film  consists  of  nano-particles. 
FT-IR  spectra  for  the  nano-particles  prepared  on  KBr  substrates  at  Ts  of  200,  300,  400  and  500°C  are  shown  in  Fig.  4 
together  with  that  for  a  PTCDA  film  by  vacuum  evaporation.  In  the  spectrum  for  the  PTCDA  evaporated  film,  peaks  at 
1750,  1780,  1300  cm*1  are  related  to  the  side  groups  of  the  PTCDA  monomer  and  a  peak  at  1600  cm'1  is  related  to 
condensed  aromatic  ring  of  perylene  skeleton  in  the  monomer.  Peaks  intensities  related  to  the  side  groups  of  PTCDA 
decrease  with  increasing  substrate  temperature,  indicating  the  elimination  of  the  side  groups  of  PTCDA  monomers.  Raman 
spectra  of  the  nano-particles  prepared  on  substrates  at  Ts  of  300,  400  and  500°C  by  ELA  are  shown  on  Fig.  5  together  with 
that  for  a  PTCDA  film  by  vacuum  evaporation.  In  each  Raman  spectrum,  peaks  at  1400  cm'1  and  1296  cm'1  due  to  in-plane 
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Figure  3:  SEM  image  of  a  film  consisting  of  PPN  nano  particle  prepared  by  ELA  of  PTCDA  at  300°C. 
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Figure  4:  FT-IR  spectra  for  the  nano  particles  prepared 
KBr  substrates  at  Ts  of  (b)200,  (c)300,  (d)400  and 
(e)500°C  by  ELA  of  PTCDA  together  with  (a)that  for  a 
PTCDA  film  by  vacuum  evaporation. 


Figure  5:  Raman  spectra  of  the  nano-particles 
prepared  on  substrates  at  Ts  of  (b)  300,  (c)400  and 
(d)500°C  by  ELA  of  PTCDA  together  with  (a)that 
for  a  PTCDA  film  by  vacuum  evaporation. 
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Figure  6:  Charge-discharge  curves  at  the  first  cycle  for  the  PPN  electrode  prepared  by  ELA  at  Ts  of  (a)200,  (b)300  and  (c)400°C  . 
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C-H  bending  as  well  as  peak  at  1600cm'1  due  to  aromatic  rings  are  observed,  meaning  that  the  perylene  structure  is  basically 
preserved,  though  the  former  two  peaks  are  broadened  and  their  intensity  decreased  gradually.  Although  every  film  by  ELA 
at  Ts  below  200°C  possessed  the  electric  conductivity  around  10'5  Scm'1  at  room  temperature,  drastic  increase  in 
conductivity  at  Ts  around  200°C  could  be  observed.  These  suggest  that  ^-conjugated  system  develops  for  the  film  at  Ts 
above  200°C  owing  to  polymerization  with  elimination  of  side  groups  of  PTCDA,  resulting  in  increase  of  electric 
conductivity.  The  conductivity  came  up  to  lfr'Scm'1  for  the  film  prepared  at  Ts  at  more  than  300°C. 

These  results  together  with  that  from  FT-IR  measurement  as  described  above,  convince  us  of  partial  formation  of  PPN 
structure  in  the  film  prepared  at  T,  of  300  and  400°C.  Actually,  the  Raman  spectrum  for  this  film  was  nearly  similar  to  that 
for  PPN  prepared  with  vapor  polymerization  method  by  Murakami  et  al.12  Considering  from  these  results,  although 
structural  defects  such  as  carbon  radicals  were  detected  to  some  extent,  it  is  safely  be  said  that  this  film  basically  consists  of 
polyperinaphthalene  (PPN)  structure.  Nano-particles  prepared  at  500°C  may  partially  possess  PPN  structure,  but  component 
of  amorphous  carbon  may  be  included  because  of  elimination  of  hydrogen  atoms  binding  at  phenanthrene-edge  of  PPN. 

3.2.  Electrochemical  doping  of  lithium  ion  into  PPN  nano  particles 

3.2.1.  Substrate  temperature  dependence  of  charge-discharge  profile  at  first  cycle 

In  order  to  clarify  substrate  temperature  dependence  of  doping/undoping  behavior  of  lithium  ion  at  the  first  cycle,  charge 
(lithium  doping)-discharge  (lithium  undoping)  profile  was  investigated  for  the  nano-particles  prepared  at  different  substrate 
temperature.  Figure  6  shows  charge-discharge  curves  at  the  first  cycle  for  the  PPN  electrode  prepared  by  ELA  at  Ts  of  200, 
300  and  400°C.  The  whole  profile  is  not  so  different  between  them.  Efficiencies  defined  by  charge  (doping) 
amount/discharge  (undoping)  amount  for  the  electrode  prepared  at  200,  300  and  400°C  are  55.6,  57.6  and  59.8%, 
respectively,  increasing  gradually  with  substrate  temperature. 

3.2.2.  In-situ  Raman  spectroscopy  of  doping  of  PPN  nano  particles  with  lithium  ion 

In-situ  Raman  spectroscopy  of  doping  and  undoping  with  lithium  ion  was  performed  for  the  PPN  nano  particles.  Figure  7 
shows  the  spectra  for  the  nano  particles  at  various  levels  in  doping  and  undoping  processes,  respectively.  As  the  doping 
level  increases,  it  is  observed  that  the  peaks  at  1360  cm'1  characteristic  to  amorphous  carbon  and  1296  cm'1  assigned  to  C-H 
in-plane  bending  mode  gradually  decrease  their  intensities  as  well  as  broadening  of  the  peak  at  1600  cm'1.  The  intensities  of 
the  two  peaks  at  1360  and  1296  cm'1  are  increased  again  when  lithium  ions  are  undoped.  These  results  suggest  that  lithium 
ions  interact  reversibly  not  only  with  condensed  aromatic  rings  of  perylene  skeleton  but  also  with  carbon  atoms  at 
phenanthrene-edge,  supporting  a  lithium  insertion  mechanism  proposed  by  Zheng  et  al. 4  where  lithium  atoms  bind  on  the 
hydrogen-terminated  edged  of  hexagonal  carbon  fragments. 

4.  CONCLUSION 

Carbonous  nano-particles  basically  consisting  of  polyperinaphthalene  (PPN),  one  of  the  low  dimensional  conducting 
polymers,  were  prepared  on  substrates  at  various  temperatures  by  excimer  laser  ablation  of  3,  4,  9, 

1 0-perylenetetracarboxylic  dianhydride  (PTCDA)  using  a  308nm(XeCl)  pulsed  excimer  laser  beam.  Particles  deposited  on 
the  substrates  were  applied  for  anode  electrodes  for  ultra  thin  rechargeable  Li  ion  batteries.  Substrate  temperature 
dependence  of  effective  capacitance  of  lithium  ions  at  first  cycle  was  also  investigated.  Efficiencies  defined  by 
charge(doping)  amount/discharge(undoping)  amount  for  the  electrode  prepared  at  200,  300  and  400°C  were  55.6,  57.6  and 
59.8%,  respectively,  increasing  gradually  with  substrate  temperature.  In-situ  Raman  spectroscopy  of  the  particles  under 
lithium  ion  doping  and  undoping  were  performed  to  elucidate  the  storage  mechanism  of  lithium  ion  at 
cis-polyacetylene-type  edge  (phenanthrene-edge)  of  PPN  structure.  Reversible  spectra  change  of  the  region  related  C-H 
bending  of  PPN  structure  in  lithium  doping  and  undoping  process  supports  a  lithium  insertion  mechanism  proposed  by 
Zheng  et  al.  where  lithium  atoms  bind  on  the  hydrogen-terminated  edged  of  hexagonal  carbon  fragments. 

ACKNOWLEDGEMENTS 

This  work  is  supported  by  a  Grant  Program  of  Research  Foundation  for  the  Electrotechnology  of  Chubu. 


116 


Proc.  SPIE  Vol.  4637 


(a) 


*  y*  0.02V 

1600  1500  1400  1300  1200 
Raman  shift(cm_1) 


~  A  ,  (b) 

§  //AV^Av^aV 

■S  3- 

^  Jf  / AiVT  y^X-AV,,.  r 


v/\ 


//AYX^ 

/  / 

// 

i  Vw  z1  w.. ,  % 


oov 


Xw^  VM\ 


”*  2.96V 
N*»  2.81V 

2.63V 

N»*  2.53V 

"V  2.43V 

VV,  1.15V 


*  n  0.02V 

1600  1500  1400  1300  1200 
Raman  shift(cm_1) 

Figure  7:  In-situ  Raman  spectra  for  the  PPN  electrode  at  various  doping  levels,  (a)  Lithium  doping  and  (b)undoping. 
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ABSTRACT 

Pulsed  laser  deposition  (PLD)  in  background  gases  is  a  promising  method  of  preparing  multicomponent  functional 
thin  films,  because  interactions  between  the  ablated  species  and  the  background  gases  promote  not  only  physical 
collisions  but  also  chemical  reactions,  and  affect  the  characteristics  of  the  deposited  films.  The  properties  of  indium 
oxide  (ln203)  thin  films  prepared  by  PLD  in  background  gases  were  characterized  in  relation  to  the  background  gas 
pressures.  Transparent  crystalline  ln203  thin  films  could  be  obtained  at  background  gas  pressures  above  1.0  Torr  on 
unheated  glass  substrates.  This  result  can  be  accounted  for  by  the  background  gas  effects.  The  stoichiometric  ln203 
nuclei  should  be  formed  in  the  nonequilibrium  high-pressure  and  high-temperature  region  generated  by  the  shock  front 
excited  by  the  pulsed  laser.  Microstructures  of  the  deposited  thin  films  were  also  investigated  using  a  cross-sectional 
transmission  electron  microscope.  Initially,  amorphous-like  layers  with  a  thickness  of  about  50  nm  were  formed  on  the 
substrates.  Subsequently,  strongly  textured  crystalline  columns  grew  on  the  amorphous-like  layers.  We  discuss  the 
mechanism  of  thin  film  growth  in  PLD. 

Keywords:  pulsed  laser  deposition,  background  gas,  indium  oxide,  shock  front,  thin  film  growth,  stoichiometry, 
columnar  structure,  surface  migration 


1.  INTRODUCTION 

Functional  multicomponent  oxides  are  widely  used  in  optical  and  electronic  device  applications.  Transparent 
conducting  oxide  films  are  favorable  for  electrodes  of  devices  such  as  flat  panel  displays,  solar  cells,  and  heat  mirrors.  ’ 
Ferroelectric  films  are  of  great  interest  in  the  fields  of  nonvolatile  random  access  memory,  surface-acoustic  wave 
devices,  and  optical  modulators.3  Multicomponent  oxide  functional  films  have  been  deposited  by  various  methods, 
including  chemical  vapor  deposition,  physical  vapor  deposition  and  the  sol-gel  method.1  3  Vapor-phase  thin  film 
deposition  is  suitable  for  microelectronic  device  applications.  However,  oxygen  gas  introduction  4'7  and  substrate 
heating  6,8  or  post-annealing  9,10  are  required  for  oxygen  compensation  or  crystallization.  These  constraints  make  wider 
applications  difficult,  since  they  limit  the  choice  of  substrate  materials.  In  particular,  there  is  high  demand  for 
transparent  conducting  oxide  films  formed  on  organic  or  compound  semiconductor  substrates,  which  are  generally 
incompatible  with  a  high-temperature  oxide  deposition  process. 

Pulsed  laser  deposition  (PLD)  has  emerged  as  one  of  the  simplest  and  most  versatile  methods  for  the  deposition  of 
thin  films  of  a  wide  variety  of  materials.11'12  A  major  advantage  of  PLD  is  that  the  plume  generated  by  laser  ablation  of 
the  target  can  contain  almost  the  same  constituents  as  the  target  even  though  the  melting  points  of  constituent  materials 
differ  greatly.  In  particular,  reactive  PLD  in  oxidizing  gases  is  one  of  the  promising  methods  of  preparing 
multicomponent  oxide  functional  films,11'13  and  has  been  applied  to  the  deposition  of  transparent  conducting  oxide 
films.14'16  On  the  other  hand,  PLD  in  pure  inert  background  gas  is  effective  for  nanocrystallite  formation  when  utilizing 
the  physical  collision  of  ablated  species  with  atoms  of  the  inert  background  gas.1719  When  we  apply  this  method  to 
multicomponent  oxide  film  formation,  interactions  between  ablated  species  and  background  gases  result  in  not  only 
physical  collisions  but  also  chemical  reaction  control. 20  Therefore,  the  interactions  affect  the  properties  of  the  deposited 
films. 

In  this  investigation,  we  study  the  influence  of  the  background  gases  on  the  properties  of  the  deposited  film.  We 
adopt  PLD  in  background  gases  for  the  deposition  of  indium  oxide  (ln203)  thin  films  without  substrate  heating.  The 
optical,  electrical  and  structural  properties  of  the  deposited  films  are  characterized  in  relation  to  the  background  gas 
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pressures.  Consequently,  transparent  crystalline  ln203 
thin  films  are  obtained  on  unheated  glass  substrates. 
Furthermore,  we  discuss  the  mechanism  of  thin  film 
growth  in  PLD. 


2.  EXPERIMENTAL  PROCEDURE 

Indium  oxide  thin  films  were  prepared  by  pulsed 
laser  ablation  of  a  sintered  ln203  target  in  background 
gases  at  a  constant  pressure.  A  schematic  diagram  of 
the  PLD  apparatus  used  in  this  study  is  shown  in  Fig.  1. 
Die  targets  were  formed  by  sintering  pure  (4N)  ln203 
powders  into  2-inch-diameter  disks.  After  the  vacuum 
chamber  was  evacuated  to  a  base  pressure  of  1.0  X  10'8 
Torr,  a  pure  (6N)  helium  (He)  gas  or  a  He/02  (1  %) 
gas  mixture  was  introduced  into  the  chamber  and 
maintained  at  a  constant  pressure  using  a  differential 
evacuation  system.  The  background  gas  pressure  was 


Fig.  1.  Schematic  diagram  of  preparation  system  of  ln203  thin 
films  using  pulsed  laser  ablation  in  background  gases. 


varied  from  0.25  Tcht  to  5.0  Torr,  as  the  dominant 
experimental  parameter.  An  argon-fluoride  (ArF) 

excimer  laser  beam  (wavelength:  193  nm,  energy  density:  1.0  J/(cm2-  pulse),  pulse  duration:  12  ns,  repetition  rate:  10 
Hz)  was  focused  onto  a  3  X  1  mm2  rectangular  spot  at  the  surface  of  the  target.  Then,  a  plume  of  ejected  species  was 
created,  which  extended  almost  perpendicular  to  the  target  surface.  The  target  was  rotated  at  8  rpm.  Silicon  (Si)  or  fused 
silica  (Si02)  substrates  without  heating  were  positioned  at  a  distance  of  30  mm  normal  to  the  target. 

The  deposited  film  thickness  was  measured  using  a  stylus  profilometer.  Optical  transmission  spectra  of  the  films 
were  measured  in  the  wavelength  range  of  200-2500  nm.  The  spectra  were  normalized  by  the  transmission  of  the 
substrate.  The  electrical  resistivity  of  the  films  was  determined  by  a  standard  four-point  probe  method.  Crystal 
structures  of  the  films  were  characterized  by  X-ray  (CuKa  line)  diffraction  and  selected-area  electron  diffraction.  The 
film  textures  were  observed  using  a  scanning  electron  microscope  (SEM)  and  a  high-resolution  transmission  electron 
microscope  (HRTEM). 
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Fig.  2.  Optical  transmission  spectra  for  films  deposited  at  different  He  and  He/02  (1  %)  gas  pressures.  The  transmittance 
increases  with  increasing  background  gas  pressure. 
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Fig.  3.  Transmittance  at  a  wavelength  of  550  nm  as  a 
function  of  background  gas  pressure,  in  the  case  of  pure  He 
gas  (O)  and  He/02  (1  %)  gas  mixture  (A).  In  pure  He  gas, 
the  transmittance  abruptly  increases,  while  the  increase  is 
relatively  gradual  in  the  He/02  gas  mixture. 


Pressure  (Torr) 

Fig.  4.  Volume  resistivity  as  a  fiinction  of  background  gas 
pressure,  in  the  case  of  pure  He  gas  (O)  and  He/02  (1  %) 
gas  mixture  (A).  In  the  He/02  gas  mixture,  the  resistivity 
can  be  controlled  in  a  wide  range  of  5  X 10A  -  5  X 102  £2 cm, 
with  visible  transmittance  of  more  than  80  %. 


3.  EXPERIMENTAL  RESULTS 


3.1.  Optical  and  electrical  properties 

Figure  2  shows  the  optical  transmission  spectra  for  the  films  deposited  at  different  He  and  He/02  gas  pressures.  Film 
thicknesses  were  around  300  nm.  The  transmittance  increases  with  increasing  background  gas  pressure. 

The  visible  transmittances  at  a  wavelength  of  550  nm  are  shown  in  Fig.  3  as  a  function  of  background  gas  pressure. 
Open  circles  and  triangles  represent  the  results  for  the  films  deposited  in  pure  He  gas  and  a  He/02  gas  mixture, 
respectively.  In  pure  He  gas,  the  transmittance  abruptly  increases  in  the  pressure  range  of  0.5  to  1.0  Torr.  On  the  other 
hand,  in  the  He/02  gas  mixture,  the  increase  in  transmission  is  relatively  gradual  between  0.25  and  1.0  Torr.  The 
transmittance  of  about  80  %  can  be  obtained  at  0.5  Torr  in  the  He/02  gas  mixture  but  only  above  1.0  Torr  in  pure  He 

gas-  J 

The  volume  resistivities  of  the  deposited  films  are  shown  in  Fig.  4  as  a  function  of  background  gas  pressure.  Open 
circles  and  triangles  represent  the  results  for  the  films  deposited  in  pure  He  gas  and  a  He/02  gas  mixture,  respectively. 
In  pure  He  gas,  the  films  deposited  below  0.5  Torr  show  the  volume  resistivity  of  an  order  of  10'3  Ocm,  and  the 
resistivity  increases  monotonically  with  increasing  He  pressure.  On  the  other  hand,  in  the  He/02  gas  mixture,  the  films 
deposited  at  0.5  Torr  have  the  lowest  resistivity  of  5  X  10"4  Qcm.  It  has  been  reported  that  an  optimal  gas  pressure  for 
retaining  low  resistivity  exists  in  thin  film  formation  in  an  atmosphere  of  oxygen  gas.4,21  Furthermore,  the  resistivity 
can  be  controlled  in  a  wide  range  of  5  X  10-4  -  5  X  102  Qcm  by  varying  the  background  gas  pressures,  with  visible 
transmittance  of  more  than  80  %. 

3.2.  Structural  properties 

Figure  5  shows  the  X-ray  diffraction  spectra  of  the  films  deposited  at  different  He  gas  pressures.  The  films  deposited 
at  He  pressures  below  0.5  Torr  show  only  one  broad  peak  at  around  33°.  The  maximum  position  corresponds  to  the 
(101)  plane  spacing  of  metallic  indium,  although  the  broadness  is  presumably  caused  by  amorphous-like  or  coalesced 
microcrystalline  structures.  On  the  other  hand,  the  films  deposited  at  He  pressures  of  1.0  and  2.0  Torr  show  sharp  peaks 
at  31°,  35°,  38°  and  51°,  which  correspond  to  the  cubic  bixbyite  structure  of  ln203  crystals  with  (222),  (400),  (411),  and 
(440)  orientations,  respectively.  In  particular,  strong  preferred  orientation  is  observed  in  the  (400)  plane,  even  though  it 
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Fig.  5.  X-ray  diffraction  spectra  of  films  deposited  at 
different  He  gas  pressures.  Films  deposited  below  0.5  Ton- 
show  only  one  broad  peak  corresponding  to  metallic  indium. 
Films  deposited  above  1.0  Torr  show  sharp  peaks 
corresponding  to  a  cubic  bixbyite  structure  of  ln203  crystals. 
At  1 .0  and  2.0  Torr,  strong  preferred  orientation  is  observed 
in  the  (400)  plane,  even  though  the  film  was  deposited  on 
fused  silica  substrates  without  heating. 


Fig.  6.  X-ray  diffraction  spectra  of  films  deposited  at 
different  He/02  ( 1  %)  gas  pressures.  Films  deposited  at  0.5 
Torr  show  a  sharp  peak  corresponding  to  the  cubic  bixbyite 
structure  of  ln203  crystals  with  (222)  orientation.  Films 
deposited  at  2.0  Ton-  show  strong  preferred  orientation  in  the 
(400)  plane.  This  result  indicates  that  the  orientations  of  the 
deposited  films  depend  strongly  on  the  background  gas 
pressures. 


was  deposited  on  Si02  substrates  without  heating.  Furthermore,  the  film  deposited  at  a  He  pressure  of  5.0  Torr  shows 
six  sharp  peaks,  the  intensity  ratios  of  which  are  the  same  as  those  of  standard  powders.  This  indicates  that  the  films 
have  random  orientation. 

From  Rutherford  backscattering  spectroscopy  (RBS)  measurements,  the  In/O  atomic  concentration  ratios  of  the 
deposited  films  were  evaluated.20  It  was  clarified  that  stoichiometric  ln203  films  were  obtained  at  2.0  Torr;  in  contrast, 
oxygen-deficient  films  were  deposited  below  0.5  Torr. 

Surface  morphology  of  the  deposited  films  was  observed  by  SEM.20  The  films  deposited  at  He  pressures  below  0.5 
Torr  consist  of  fine  particles  of  less  than  20  nm,  and  some  larger  particles.  In  the  films  deposited  at  He  pressures  of  1.0 
and  2.0  Torr,  ordered  structures  of  the  100  nm  order  were  observed.  Furthermore,  the  film  deposited  at  a  He  pressure  of 
5.0  Torr  consists  of  aggregated  crystallites. 

Figure  6  shows  the  X-ray  diffraction  spectra  of  the  films  deposited  at  different  He/02  (1  %)  gas  pressures.  The  films 
deposited  at  a  gas  pressure  of  0.5  Torr  show  a  sharp  peak  at  31°,  which  corresponds  to  the  cubic  bixbyite  structure  of 
ln203  crystals  with  (222)  orientation.  On  the  other  hand,  the  films  deposited  at  a  gas  pressure  of  2.0  Torr  show  strong 
preferred  orientation  in  the  (400)  plane.  This  result  indicates  that  the  orientations  of  the  deposited  films  depend  strongly 
on  the  background  gas  pressures. 

Figure  7  shows  cross-sectional  SEM  images  of  the  films  deposited  at  He/02  gas  pressures  of  (a)  2.0  Torr,  (b)  1.0 
Torr  and  (c)  0.5  Torr.  In  Fig.  7(a),  we  observe  a  crystalline  layer  with  prominent  columnar  texture  in  the  thickness 
direction.  The  textures  of  the  deposited  films  weaken  with  decreasing  background  gas  pressures.  This  result  corresponds 
to  the  difference  in  the  crystal  structures  of  the  deposited  films,  as  shown  in  Fig.  6. 
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Fig.  7.  Cross-sectional  SEM  images  of  the  films  deposited  at  background  He/02  gas  pressures  of  (a)  2.0  Torr,  (b)  1.0  Torr,  and 
(c)  0.5  Torr.  In  (a),  we  observe  a  crystalline  layer  with  prominent  columnar  texture.  The  texture  of  the  deposited  films  weakens 
with  decreasing  background  gas  pressure. 


Fig.  8.  Cross-sectional  HRTEM  image  of  the  films  Fig.  9.  Electron  diffraction  patterns  of  (a)  low-contrast  layer  and  (b) 

deposited  at  background  He/02  gas  pressure  of  2.0  strongly  columnar  layer  in  Fig.  8.  The  low-contrast  layer  has  an 

Torr.  Crystallinity  of  the  film  was  transformed  to  amorphous-like  structure  which  shows  a  halo  pattern.  The  strongly 

strongly  textured  columns  on  the  50  nm  low-contrast  columnar  layer  shows  strong  preferred  orientation  in  the  (400) 

layer.  plane. 


Figure  8  shows  a  bright-field  cross-sectional  HRTEM  image  of  the  film  deposited  at  a  He/02  gas  pressure  of  2.0 
Torr.  Initially,  a  low-contrast  layer  with  a  thickness  of  about  50  nm  was  deposited  on  the  Si02  substrate.  Subsequently, 
a  crystalline  layer  with  strong  columnar  texture  was  formed  on  the  low-contrast  layer. 

The  crystal  structure  of  each  layer  was  characterized  by  selected-area  electron  diffraction.  Figures  9(a)  and  9(b) 
show  the  electron  diffraction  patterns  of  the  bottom  low-contrast  layer  and  the  upper  crystalline  layer,  respectively.  The 
bottom  layer  is  an  amorphous-like  structure  which  exhibits  a  halo  pattern.  The  upper  layer  shows  strong  preferred 
orientation  in  the  (400)  plane. 


4.  DISCUSSION 

4.1.  Dependence  of  film  properties  on  background  gas  pressure 

It  is  known  that  the  properties  of  ln203  films  depend  on  the  oxygen  content.4  Oxygen  deficiency  leads  to  darkening 
of  the  films  due  to  suboxide  formation  4,22  or  precipitation  of  In  metal.7  Although  PLD  is  promising  for  use  in  the 
deposition  of  complex  materials  with  congruent  transfer  of  the  target  composition,1112  oxygen,  which  has  high  vapor 
pressure,  easily  outdiffuses  in  vacuum.13  This  also  occurs  at  low  He  gas  pressures  below  1.0  Torr  in  this  study.  When 
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the  ln203  thin  films  were  deposited  in  the  He/02  gas  mixture,  transparent  films  were  obtained  in  the  lower  pressure 
region.  This  is  because  the  oxygen  deficiency  is  compensated  by  02  in  the  background  gas. 

In  the  case  of  high  background  gas  pressure,  stoichiometric  crystalline  ln203  films  are  obtained,  even  without 
oxygen  addition.  This  result  can  be  attributed  to  the  background  gas  pressure  effects.20  Atoms  and  ions  ejected  from  the 
target  initially  travel  with  inherent  velocities.  At  high  background  gas  pressure,  these  velocities  tend  to  equilibrate  due 
to  the  large  number  of  collisions  with  the  ambient  gas  atoms.23  This  results  in  the  spatial  confinement  of  the  ablated 
species,  which  leads  to  the  suppression  of  the  outdiffusion  of  oxygen.  This  effect  is  essential,  particularly  for  PLD  in 
pure  He  gas,  because  oxygen  from  the  target  itself  dominates  the  oxygen  content  of  the  deposited  films. 

Furthermore,  in  pulsed  laser  ablation  into  a  higher  pressure  background  gas,  a  shock  front  is  generated  as  a  result  of 
collisions  between  the  ablated  species  and  the  ambient  gas.24  In  general,  the  shock  wave  compresses  the  background  gas, 
thereby  increasing  its  pressure  and  temperature.  The  increase  in  pressure  promotes  ln203  formation  because  it  brings 
about  reductions  in  volume  and  mole  number.  The  increase  in  temperature  can  thermally  enhance  reactions  between  the 
ablated  species.  However,  too  high  a  temperature  retards  ln203  formation,  because  the  free  energy  of  ln203  formation 
increases  with  increasing  temperature.25  During  the  propagation  of  the  shock  front,  both  pressure  and  temperature 
decrease  with  increasing  distance  from  the  target  surface.2  Also,  the  free  energy  of  formation  decreases  with  decreasing 
temperature.  Consequently,  stoichiometric  ln203  films  can  be  formed  through  “the  facilitated  oxidation  region”  in  the 
vapor  phase,  where  both  high  pressure  and  a  sufficiently  low  value  of  the  free  energy  of  formation  are  realized. 

4.2.  Mechanism  of  crystal  growth  in  PLD 

It  is  well  known  that  ln203  films  deposited  on  unheated  glass  substrates  tend  to  be  amorphous.7'16  In  contrast, 
crystalline  ln203  films  are  obtained  on  unheated  Si02  substrates  in  this  study.  With  respect  to  orientation,  ln203  films 
deposited  at  background  gas  pressures  above  1.0  Torr  show  strong  preferred  orientation.  Next,  we  will  discuss  the 
influence  of  the  shock  wave  on  crystal  growth  in  PLD. 

In  the  films  formed  by  sputtering  at  a  substrate  temperature  of  400°C,  a  <100>  preferred  orientation  and  a  columnar 
texture^  have  also  been  observed.9'  6  The  microstructure  of  the  sputter-deposited  films  is  consistent  with  the  zone 
model  in  which  the  microstructure  of  sputter-deposited  metal  thin  films  is  a  function  of  the  substrate  temperature.  The 
sputter  process  conditions  with  the  substrate  temperature  of  400°C  correspond  to  the  zone  where  surface  and  self- 
diffusion  become  active  and  the  structure  of  films  consists  of  columnar  grains.  Furthermore,  Shigesato  and  Paine 
proposed  a  model  for  describing  the  columnar  structure  as  a  result  of  energetic  ion  (several  tens  of  eV)  bombardment  of 
the  growth  surface  and  consequent  perturbation  of  the  atom  attachment  template.26 

However,  in  this  study,  the  substrates  are  unheated,  and  the  kinetic  energies  of  the  ablated  species  should  be  low 
compared  with  the  energetic  ions  in  sputtering,  after  collision  with  the  background  gases.23-28  Thus,  in  PLD  in 
background  gases,  the  columnar  texture  should  be  obtained  as  a  result  of  surface  excitation  by  the  shock  wave  as 
follows. 

As  mentioned  in  the  above  section,  in  the  case  of  PLD  in  a  higher  pressure  background  gas,  ln203  nuclei  are  formed 
in  “the  facilitated  oxidation  region”  in  the  vapor  phase.  Initially,  the  ln203  nuclei  formed  in  the  vapor  phase  are 
randomly  deposited  on  the  Si02  substrate  as  a  thin  amorphous-like  buffer  layer  with  a  thickness  of  about  50  nm. 
Subsequently,  strongly  textured  crystalline  columns  should  be  formed  due  to  the  enhancement  of  surface  migration  by 
the  excitation  of  the  substrate  surface  by  the  shock  front.  Consequently,  the  film  is  selectively  grown  in  the  <100> 
direction  and  the  prominent  columnar  structure  shown  in  Fig.  8  is  obtained.  Furthermore,  since  the  effect  of  surface 
excitation  by  the  shock  front  depends  on  the  background  gas  pressure,  the  texture  of  the  deposited  films  should  depend 
on  the  gas  pressure,  as  shown  in  Fig.  7. 


5.  CONCLUSIONS 

Stoichiometric  crystalline  ln203  thin  films  with  visible  transmittances  of  more  than  80  %  were  prepared  by  PLD  in 
background  gases  on  unheated  Si02  substrates.  This  result  can  be  accounted  for  by  the  background  gas  effects. 
Stoichiometric  ln203  nuclei  should  be  formed  in  the  nonequilibrium  high-pressure  and  high-temperature  region 
generated  by  the  shock  front  excited  by  the  pulsed  laser.  Furthermore,  the  mechanism  of  thin  film  growth  in  PLD  was 
analyzed.  Initially,  the  ln203  nuclei  formed  in  the  vapor  phase  are  randomly  deposited  on  the  substrates  in  the  form  of  a 
thin  amorphous-like  buffer  layer.  Subsequently,  strongly  textured  crystalline  columns  grow  due  to  the  enhancement  of 
surface  migration  by  the  excitation  of  the  substrate  surface  by  the  shock  front.  This  technique  offers  great  promise  for 
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future  applications  which  require  the  deposition  of  multicomponent  oxide  functional  films  on  substrates  thermally 
unstable  and/or  sensitive  to  an  oxidizing  ambient. 
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ABSTRACT 

The  German  federal  government  started  the  funding  of  a  national  project  intended  to  exploit  the  potential  of  femtosec¬ 
ond  technology.  In  a  foregoing  competition  five  research  consortia  had  been  successful  and  have  started  now  together 
with  an  adjoin  research  consortium  their  investigations  in  the  following  fields: 

•  micro-machining  of  technical  materials  for  microstructuring  and  drilling, 

•  medical  therapy  in:  ophtalmology,  dentistry,  neurology  and  ear  surgery, 

•  metrology, 

•  laser  safety, 

•  x-ray  generation. 

Lasers,  systems  and  technologies  required  in  these  potential  fields  of  applications  will  be  investigated.  The  program 
aims  at  industrial  success  and  is  dominated  by  industrial  partners,  therefore.  The  more  fundamtal  research  is  done  in 
university  institutes  and  research  centers. 

Keywords:  Femtosecond  lasers,  micro-machining,  ablation,  medical  therapy,  metrology,  x-ray  generation 

1.  INTRODUCTION 

Femtosecond  technology  with  its  ultrashort  light  pulses  forms  an  innovative  laser  technology,  which  can  be  used  for 
multiple  technical  application  e.g.  in  industrial  manufacturing,  information  and  communication  technologies,  environ¬ 
mental  technology  or  life  sciences  (medicine,  biology,  chemistry).  It  offers  completely  new  possibilities  for  minimal 
invasive  materials  processing. 

The  most  striking  feature  of  the  new  technology  is  the  extreme  shortness  of  the  laser  pulses  ranging  from  about  10  fs 
(10'14s)  to  10  ps  (10'"s).  To  give  an  example:  Within  100  fs  the  light  travels  only  as  far  as  a  fraction  of  the  diameter  of  a 
human  hair.  For  comparison:  Within  one  second  the  light  can  surround  the  earth  about  7.5  times.  When  interacting  with 
material,  the  pulse  duration  is  shorter  than  the  minimum  time  (several  ps)  required  for  heating  the  material.  The  conse¬ 
quence  of  this  is  that  the  material  remains  cold  during  pulses  with  fs-duration  which  leads  to  the  expectation  of  ultra 
high  precision  and  minimised  heat  load. 

Another  predominant  feature  of  ultrashort  pulses  is  their  extremely  high  intensity.  At  a  pulse  width  of  100  fs  and  a  fo¬ 
cal  area  of  100  pm2  a  pulse  energy  of  1  mJ  yields  an  intensity  value  of  1016  W/cm2,  for  example.  With  such  high  inten¬ 
sities  multi-photon  effects  are  achieved  easily,  allowing  e.g.  materials  treatment  inside  of  transparent  materials  like 
glass  or  the  human  eye  cornea. 

2.  GERMAN  NATIONAL  PROJECT  FEMTOSECOND  TECHNOLOGY  (FST) 

To  promote  the  potential  of  FS  technology  and  its  industrial  application  German  companies  and  research  institutions 
formed  cooperations  in  the  framework  of  the  national  project  'FEMTOSECOND  TECHNOLOGY  (FST)' 

The  structure  of  the  FST  program  is  shown  in  table  1.  It  consists  of  five  participating  project  clusters  PRIMUS,  FES- 
MET,  MUSKL,  FLIM  and  SAFEST  as  well  as  of  the  associated  project  cluster  GEPULAM.  In  total  24  companies 
and  22  research  institutes  are  involved  as  full  members.  Additionally  a  number  of  institutions  in  Eastern  Europe  and 
Israel  contribute  as  subcontractors.  The  program  is  funded  by  the  Federal  Ministry  of  Education  and  Research  with 
nearly  30  millions  of  Euro.  An  equivalent  amount  is-  spent  by  industrial  partners.  The  VDI-Technologiezentrum  in 
Dtisseldorf  acts  as  project  agency. 


* dausinger@ifsw.uni-stuttgart.de:  phone  +49  (0)71 1  685-6844;  fax  +49  (0)71 1  685-7244;  http://www.ifsw.uni-stuttgart.de;  Institut 
fur  Strahlwerkzeuge,  University  of  Stuttgart,  Pfaffenwaldring  43,  70569  Stuttgart 


Photon  Processing  in  Microelectronics  and  Photonics,  Koji  Sugioka,  Malcolm  C.  Gower, 
Richard  F.  Haglund,  Jr.,  Alberto  Pique,  Frank  Trager,  Jan  J.  Dubowski,  Willem  Hoving,  Editors, 
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The  project  clusters  are  focusing  on  the  areas  shown  in  table  2: 


National  Project  FEMTOSECOND  -  Technology 

General  coordination:  Prof.  Dr.  F.  Dausinger,  FGSW 


PRIMUS 

>*s  v-: .!>*•  s :  *•  ■gp? ;■&  ■  r 

FHSMET 
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Piiitei 

‘  y 

-  !■  hy  ■  i*  1  &i  % 

*l{S.y  i  ^ yyy.  - 
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f .  .onimatkm 
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' 

UJoramation 

Combination  . 

Coordination 

Dr.  G.  Schmitz, 

Dr.  M.  Dick, 

Dr.  F.L&sel* 

ProfDr.R. 

Dr.  W.  Kautek, 

Dr.  G.Kom, 

Bosch  j 

'  Asdepion 

20/10  PERFECT 

Meazel, 

if' 

Max-Bom-lnstitut 

*  X  ' 

.  Meditec 

,  VISION 

Universitat 

'Is;,;/;;:',,  "G  .'Igl1' 
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Potsdam 

«v  ... 
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‘  •  8  partner  1 
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4paitoer 

SpSytacr 

8  partner 

'■'/  4partner  •  ■■ 

(9  companies/ 

5  institutes) 

(2  companies/ 

2  institutes) 

(6  companies  / 

2  instil  aes). 

(3  companies/ 

5  institutes) 

(4  institutes) 

*associated  project 


The  cooperation  between  the  different  project  clusters  is  encouraged  by  annual  meetings  of  all  partners  and  working 
groups  discussing  topics  of  common  interest  like  laser  design,  beam  quality  and  laser-material  interaction.  Inside  the 
clusters  general  meetings  and  workgroup  meetings  take  place  at  least  every  six  months. 

In  the  following  a  short  discription  of  the  project  clusters  will  be  given.  Further  information  are  available  via  internet 
from  http://www.fgsw.uni-stuttgart.de/fst/. 


Table  2  Focal  points  of  the  participating.  FST  cluster  projects 


Application  field 

Project 

Precise  Materials 

PRIMUS 

Metrology 

FESMET  /  GEPU- 

Medical  Therapy 

MUSKL/FLIM 

Laser  Safety 

SAFEST 

X-Ray  Generation 

GEPULAM 

3.  PRECISE  MATERIALS  PROCESSING  WITH  ULTRASHORT-PULSED  LASERS  (PRIMUS) 

Objective  of  the  project  cluster  PRIMUS  is  to  economically  utilise  the  Femtosecond  Technology  for  ablative  production 
processes  of  highest  precision.  This  will  be  achieved  by  simultaneous  research,  development  and  testing  (with  feed 
back): 

•  of  new,  direct  diode  pumped  laser  source  concepts  completely  based  on  solid  state  materials,  suitable  for  industrial 
use,  with  which  the  necessary  properties  of  use  can  be  achieved, 

•  of  adequate  systems  technique, 

•  of  methods  for  beam  characterisation, 
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•  of  effective  processing  strategies. 

The  main  future  applications  the  project  targets  at  are  drilling  of  deep  holes  with  aspect  greater  than  10  and  surface 
structures  for  tribological  purposes.  Robust,  suitable  for  industrial  use  and  efficient  turn-key  ultrashort-pulse  lasers  with 
the  following  features  will  be  developed: 


Pulse  energy 
Pulse  duration 
Repetition  rate 
Beam  quality 
Wavelength 


up  to  5  mJ, 

<  10  ps, 
up  to  10  kHz, 
M2  <2, 

~  1  pm. 


Three  different  approaches  will  be  studied: 


•  A  thin  disc  design  using  Yb:YAG, 

•  A  rod  design  using  Nd:YVO, 

•  A  fibre  design  using  Yb-fibres. 


4.  MEDICAL  ULTRASHORT-SHORT  PULSED  LASER  SYSTEM  (MUSKL) 

Ultrashort  pulsed  laser  systems  with  pulse  duration  significantly  less  than  one  picosecond  have  an  enormous  potential 
for  the  use  as  beam  sources  for  medical  treatment  of  biological  hard  and  soft  tissues.  The  as  well  spatially  (focussing)  as 
temporally  (pulse  duration)  highly  compressed  light  pulses  allow  for  making  finest  cuts  in  the  tissue  with  a  precision  in 
the  range  of  the  size  of  the  focus  (~  1pm).  At  intensities  of  about  1013  W/cm2  that  can  be  achieved  already  at  low  pulse 
energies  of  some  pJ  due  to  the  energy  compression,  the  tissue  gets  ionised  in  the  laser  focus.  The  plasma  spark  pro¬ 
duced  thereby  disintegrates  the  cohesion  of  the  tissue  locally.  If  several  laser  pulses  are  directed  successively  on  neigh¬ 
bouring  positions  (scanning),  linear  and  two  dimensional  cuts  as  well  as  three  dimensional  ablations  can  be  made.  Tis¬ 
sue  that  is  not  situated  inside  the  laser  focus  is  subject  to  a  much  lower  thermal,  mechanical  and  acoustical  damage  as 
would  occur  through  laser  treatment  with  longer  pulse  duration  (ps,  ns,  ps). 

The  specific  properties  of  the  femtosecond  laser  pulses  allow  for  completely  novel  ways  of  treatment  or  can  improve  or 
simplify  significantly  conventional  treatment  techniques.  The  localised  impact  of  the  femtosecond  laser  pulses  satisfies 
the  specifications  for  minimal  invasive  treatment.  Due  to  universal  cutting  effect  irrespective  of  material  hardness  and 
composition,  the  femtosecond  laser  source  is  regarded  as  a  highly  versatile  tool  in  medicine. 

Within  the  cluster  MusKL  possibilities  for  utilisation  at  ear  bones,  teeth  and  eyes  (cornea)  where  the  femtosecond  tech¬ 
nology  (FST)  is  promising  significant  improvements,  are  investigated. 

5.  FEMTOSECOND  LASERS  IN  MEDICAL  SURGERY  (FLIM) 

The  project  cluster  FLIM  is  doing  basic  investigation  of  applications  of  the  femtosecond  technology  in  surgery.  FLIM 
has  set  up  the  following  objectives: 

•  Realisation  and  investigation  of  a  compact  and  stable  femtosecond  medical  laser  for  use  in  surgery, 

•  Fundamental  studies  about  the  use  of  femtosecond  laser  pulses  in  minimal  invasive  reffactif  cornea  surgery, 

•  Fundamental  investigation  of  the  use  of  fs-laser  pulses  in  functional  neuro  surgery. 

Ultrashort  laser  pulses  offer  the  advantage  by  production  of  a  microplasma  through  a  non  linear  absorption  process  to 
do  ablation  directly  inside  a  tissue  or  a  liquid  environment.  This  cutting  and  ablation  processing  is  extremely  precise. 
These  extraordinary  interaction  properties  of  the  femtosecond  laser  pulses  shall  be  evaluated  for  the  use  in  novel  refrac¬ 
tive  methods  in  cornea  surgery  and  for  minimal  invasive  functional  neuro  surgery.  Simultaneously  a  femtosecond  laser 
source,  suitable  for  use  in  a  hospital  is  to  be  investigated,  that  satisfies  the  specifications  for  medical  lasers.  E.g.  it  has  to 
be  extremely  stable  and  of  low  maintenance. 
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6.  FUNDAMENTALS  OF  BROADBAND  SHORT  PULSED  LASERS  FOR  INTERFEROMETRY  (FESMET) 

Objective  of  this  project  cluster  is  the  investigation  of  interferometrical  measuring  procedures  based  on  novel,  cheap 
short  pulse  laser  sources  with  high  bandwidth  and  beam  quality.  As  such  lasers  are  not  available,  at  the  moment,  the 
first  task  is  to  develop  them.  Two  different  approaches  are  investigated  by  two  involved  laser  manufacturers.  The  next 
step  is  the  realisation  of  a  new  measurement  procedure  using  three-dimensional  surface  information.  Finally  the  method 
will  be  tested  with  large  scale  work  pieces  like  turbine  blades  of  industrial  partners. 

7.  SAFETY  FOR  APPLICATIONS  OF  FEMTOSECOND-LASER-TECHNOLOGY  (SAFEST) 

The  femtosecond  technology  (FST)  leads  to  complex  safety-relevant  issues  with  regard  to  the  operation  of  laser  beam 
sources.  It  is  of  special  interest,  whether  the  knowledge  of  hazards  and  dangers,  and  corresponding  safety  measures  of 
conventional  laser  radiation  can  be  transferred  to  the  femtosecond  technology.  This  applies  in  particular  to  fs-radiation 
interactions  with  human  tissue  as  well  as  with  laser  protective  materials,  due  to  nonlinear  effects  in  the  ultrashort  time 
regime. 

The  main  objectives  of  the  envisioned  joint  project  can  be  subdivided  as  follows: 

•  Systematic  collection  of  experimental  data  and  of  available  knowledge  of  other  working  groups  on  beam-material 
interactions  between  fs-laser  radiation  and  human  tissue  (eye  and  skin).  Verifying,  determining  and  completing 
minimum  visible  lesion  values  (MVL)  and  maximum  permissible  exposure  threshold  values  (MPE)  for  all  types  of 
relevant  human  tissues  (eye,  cornea,  skin).  Elaborating  and  verifying  the  influence  of  pulse  duration  and  repetition 
rates  on  threshold  values. 

•  Providing  threshold  values  of  maximum  permissible  exposure  (MPE),  as  well  as  the  accessible  exposure  limit 
(AEL)  for  FST  laser  installations  with  emission  duration  in  the  range  between  5  fs  and  10  ps. 

•  Qualifying  measuring  and  testing  methods  and  providing  referential  methods  for  the  characterisation  of  irradiation 
values  in  the  fs-range. 

•  Systematic  elaboration  of  beam-material  interactions  on  technical  materials  for  safety  equipment,  and  specification 
of  material  requirements  for  suitable  safety  equipment,  e.g.  laser  protective  eyewear,  laser  protective  shields,  laser 
protective  curtains,  etc. 

•  Data  base  for  new  regulations  in  the  field  of  FST  and  to  complement  or  extend  existing  regulations  and  standards. 

•  Suggestions  to  standardisation  organisations  and  their  working  groups. 

8.  TRIGGERED  ULTRASHORT-PULSED  X-RAY  POINT  SOURCES  FOR  ANALYTIC  AND  MEDICAL 
TECHNOLOGY  (GEPULAM) 

Incoherent  X-ray  radiation  can  be  produced  by  illuminating  target  materials  with  extremely  high  intensity  beams  as 
delivered  by  FST  lasers.  The  advantages  of  this  method  compared  to  the  classical  one  using  tubes  are: 

•  Small  diameter  of  radiation  source  (“point”  source), 

•  Short  duration  of  emission, 

•  High  brilliance. 

Additionally  coherent  XUV  radiation  with  spatially  concentrated  emission  is  obtained  as  high  harmonics  of  the  ul¬ 
trashort  laser  pulse. 

The  object  of  the  project  cluster  GEPULAM  is  to  make  available  suitable  lasers  for  X-ray  production  and  to  examine 
possible  application  for  this  new  type  of  X-ray  source.  These  are  expected  in  the  fields  of  on-line  control  of  semicon¬ 
ductor  production  and  medical  diagnostic  with  minimal  damage. 
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Table  3 ^Objectives  and  participants  ofthe  PRIM’S  project  cluster 


Project  cluster  PRIMUS 

Precise  Materials  processing  with  Ultrashort  Pulsed  Lasers 


;  f  #  I 

I  ®  1 


J . |  c 

t  J 


Objectives: 


Coordination: 


Partners: 


>  Understanding  of  fundamental  interaction  mechanisms 

>  Processing  strategies  for  high  precision  and  efficient  materials  processing 

>  System  components  for  FST 

>  Compact,  low  maintenance  (turn-key)  and  low  cost  ultrashort-pulsed  lasers 

>  Beam  characterisation  methods 

Dr.  Godehard  Schmitz,  Robert  Bosch  GmbH, 

Postfach  30  02  40,  D-70442  Stuttgart 

Tel.:  0711  /  81 1-8616,  Fax:  0711  /  81 1-1640.  godehard.schmitz@de.bosch.com 

>  DaimlerChrysler  AG 

>  Forschungsgesellschaft  fur  Strahlwerkzeuge  (FGSW) 

>  Gehring  GmbH  &  Co. 

>  HAAS-LASER  GmbH  &  Co.  KG 

>  Inst,  fur  Laserphysik  (ILP),  Universitat  Hamburg 

>  Inst,  fur  Strahlwerkzeuge  der  Universitat  Stuttgart  (IFSW) 

>  Kugler  GmbH 

>  Laserzentrum  Hannover  e.V.  (LZH) 

>  Layertec-optische  Beschichtungen  GmbH 

>  Robert  Bosch  GmbH 

>  Vollmer  Werke  Maschinenfabrik  GmbH 

>  Zentrum  fur  LasermeBtechnik  und  Diagnostik,  Universitat  Kaiserslautern 

>  Institut  fur  Optik  und  Quantenelektronik,  Universitat  Jena 
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Table  4  Objectives  and  participants  of  the FESMET project  cluster 


Project  cluster  FESMET 

Fundamentals  of  Broadband  Short  Pulsed  Lasers  for  Interferometry 

Objectives: 

y  Realization  of  two  novel  short  pulse  laser  sources 

>  Realization  of  a  new  analysis  method  for  comparing  three  dimensional  surface 
data 

>  Demonstrator  of  a  measuring  system  for  determination  of  the  three  dimensional 
shape  of  technical  surfaces 

Coordination: 

Prof.  Dr.  Ralf  Menzel,  Universitat  Potsdam 

Inst.  F.  Experimentalphysik,  Lehrstuhl  fur  Photonik 

Tel.:  0331  /  977- 1 1 04,  Fax:  0331  /  977- 1 1 34,  menzelfairz. uni-potsdam. de 

Partners: 

>  Jenoptik  Laser,  Optik,  Systeme  GmbH 

>  Lehrstuhl  fur  Photonik,  Universitat  Potsdam 

y  Lehrstuhl  fur  Optik,  Universitat  Erlangen-Niimberg 

>  Polytec  GmbH 

y  Rolls  Royce  Deutschland 

y  Robert  Bosch  GmbH 

y  Spektrum  Laser-Entwicklungs-  und  Vertriebs-GmbH 

>  WISenT  GmbH 

Table  5  Objectives  and  participants  of  the  GEPULAM  project  cluster 


Project  cluster  GEPULAM* 

Triggered  Ultrashort  pulsed  X-ray  Point-sources  for  Analytic  and  Medical  Technology 


Objectives: 

y  Study  and  development  of  femtosecond  laser  systems  for  generation  of  X-ray 
radiation  with  maximized  photon  flux 

y  Effective  conversion  of  FS  laser  radiation  into  X-ray  radiation 

y  Evaluation  of  applications  in  the  different  fields  (medical  technology,  analytic 
nuclear  technology) 

Coordination: 

Dr.  Heinrich  Schworer 

Institut  fur  Optik  und  Quantenelektronik,  Friedrich  Schiller  Universitat 
Max-Wien-Platz  1, 07743  Jena 

Tel.:  03641-947219;  E-Mail:  schwoererfalioq.uni-iena.de 

Partners: 

y  Max-Bom-Institut  (MBI),  Berlin 
y  Fraunhofer  Institut  fur  Lasertechnik  (FHG-ILT),  Aachen 
y  Friedrich-Schiller-Universitat  Jena  (FSU) 

y  Physikalisches  Institut,  Westfalische  Wilhelms-Universitat  Munster 
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Table  6  Objectives  and  participants  of  the  MUSKL  project  cluster 


Project  cluster  MusKL 

Medical  ultrashort-pulsed  laser  system 


Objectives: 


Coordination: 


Partners: 


m  mem  MjrM 


Medizinisches  ultraschneHes 
Kurzpuls- Lasers  y stem 

>  Realisation  of  compact  laser  sources  for  medical  application 

>  Dentistry:  building  up  of  a  system  for  diagnosis  and  therapy  of  caries  by  use  of 
spectroscopic  control 

>  Ear  surgery:  treatment  of  auditory  canal  by  use  of  ultrashort 
laser  pulses  during  surgery 

>  Ophthalmology:  intrastromal  refractive  cornea  surgery  (fs-LASIK) 

Dr.  Manfred  Dick,  Asclepion-Meditec  AG 
Prussingstr.  41,  D-07739  Jena 

Tel.:  03641  /  65-3957,  Fax:  03641  /  65-3815,  md@asclepion.com _ 

>  Asclepion-Meditec  AG,  Jena 

>  Dr.  med.dent.  Anton  Kasenbacher,  Traunstein 

>  Laserforum  e.V.  Koln 

>  Laserzentrum  Hannover  e.V.  (LZH) 

>  MABEL-Mannheim  Biomedical  Engineering  Laboratories 
Fakultat  fur  Klinische  Medizin  Mannheim 

>  Medizinische  Hochschule  Hannover,  Klinik  fur  HNO-Heilkunde 

>  Poliklinik  ftir  Zahnarztliche  Prothetik,  J.W.Goethe-Universitat  Frankfurt/Main 

>  Soliton  Laser-  und  Mefitechnik  GmbH,  Gilching 

>  W&H  Dentalwerk  Btlrmoos 


Table  7  Objectives  and  participants  of  the  FLIM  project  cluster 

Project  cluster  FLIM 

Femtosecond  Lasers  in  Medical  Surgery 


Objectives:  >  Femtosecond  medical  laser  source:  diode  pumped  Nd:glass  laser  system 

>  Method  for  refractive  fs-laser  cornea  surgery 

>  Precise  femtosecond  laser  ablation  for  functional  neuro  surgery 

Coordination:  Dr.  Frieder  Losel,  20/10  Perfect  Vision  Optische  Gerate  GmbH 

Waldhofer  Str.  100,  D-69123  Heidelberg 

_ Tel.:  06221  /  82813-10,  Fax:  06221  /  82813-21.  loesel@2010pv.com _ 

Partners:  >  20/1 0  PERFECT  VISION  Optische  Gerate  GmbH,  Heidelberg 

>  Kirchhoff-Institut  fur  Physik,  Heidelberg 

>  Klinik  fur  Stereotaxie  und  Funktionelle  Neurochirurgie  der  Universitat  Koln 

>  MRC  Systems  GmbH,  Heidelberg 
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Table  8  Objectives  and  participants  of  the  SAFEST  project  cluster 


Project  cluster  SAFEST 

Safety  for  Applications  of  FS-Laser  Technology 


Objectives: 

r - - - - - J- — .  -  - _ 

>  Comprehensive  acquisition  of  data  on  interaction  of  fs-laser  radiation  with  hu¬ 
man  tissue 

>  Comprehensive  acquisition  of  data  on  interaction  of  fs-laser  radiation  with  laser 
protective  equipment  as  well  as  qualification  of  safety  measurements 

>  Qualification  of  the  measurement  and  testing  procedures  and  equipment  for  fs- 
laser  radiation  and  possible  secondary  radiation 

>  Implementing  the  results  into  a  data  matrix  and  transferring  them  into  standards 
and  regulations 

Coordination: 

PD  Dr.  Wolfgang  Kautek,  Labor  fur  Diinnschichttechnologien 

Bundesanstalt  fur  Materialforschung  und  -priifung  (BAM) 

Unter  den  Eichen  87,  D-12200  Berlin 

Tel.:  030  /  8104-1822,  Fax:  030  /  8104-1822,  Wolfeane.Kautek©bam.de 

Partners: 

>  Bundesanstalt  fur  Materialforschung  und  -priifung  (BAM),  Berlin 

>  Berufsgenossenschaft  Feinmechanik  und  Elektrotechnik  (BGFE),  Koln 

>  Femtolasers  Produktions  GmbH  (FEMTO),  Wien 

"y  Geh6r-,  Larm-  und  Arbeitsschutz  GMBH  (GELA),  Heusenstamm 

>  Landeskrankenanstalten  Salzburg  (LKH) 

>  Laser  Zentrum  Hannover  e.V.  (LZH) 

>  Physikalisch-Technische  Bundesanstalt  (PTB),  Braunschweig 

>  Rupp  +  Hubrach  Inferoptics  /  Laserschutz  GmbH  (RH),  Bamberg 
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Invited  Paper 


Laser  Ablation  of  Nitrogen-Solid  Films  by  UV  ps-Laser  Irradiation: 
Surface  Modification  of  Materials  by  Fragments  in  Laser-Ablation 

Plume 


Hiroyuki  Niino*,  Tadatake  Sato,  Aiko  Narazaki,  Yoshizo  Kawaguchi  and  Akira  Yabe 
Photoreaction  Control  Research  Center  (PCRC) 

National  Institute  of  Advanced  Industrial  Science  and  Technology  (AIST) 


ABSTRACT 

Laser  ablation  of  nitrogen  solid  film  deposited  on  a  copper  plate  at  10  K  was  investigated  by  the  irradiation  of  a 
picosecond  UV  laser  at  263  nm  in  vacuum.  Photo-dissociation  of  nitrogen  molecule  in  the  solid  film  was  confirmed 
by  the  optical  emissions,  which  were  ascribed  to  atomic  nitrogen,  during  the  laser  irradiation  at  the  fluence  of  5  J- cm"  • 
pulse'1.  This  photolysis  was  discussed  by  the  comparison  with  laser-induced  breakdown  of  nitrogen  gas.  At  the 
fluence  over  ca.  10  J- cm"2 -pulse'1,  the  ablation  of  the  frozen  nitrogen  film  was  observed.  Employing  the  ablation 
plume  including  a  reactive  species  such  as  nitrogen  atoms,  the  surface  reaction  of  a  graphite  (highly  oriented  pyrolytic 
graphite  (HOPG))  plate  and  silicon  wafer  was  studied.  XPS  analysis  indicated  that  nitrides  were  formed  on  the 
surfaces  by  the  treatment.  The  ps-laser  ablation  of  nitrogen  solid  film  provides  a  novel  technique  for  surface 
modification  of  materials. 

Keywords:  Laser  ablation,  Cryogenic  temperature,  Nitrogen-solid  film,  picosecond  UV  laser,  Emission  spectroscopy, 
Plume  reactivity,  Reactive  species,  Surface  modification 


1.  INTRODUCTION 

Ablative  photodecomposition  of  materials  with  pulsed  lasers  has  been  shown  to  be  useful  for  etching,  surface 
modification,  and  thin  film  deposition.1,2  One  aspect  of  the  ablation  process  which  has  been  studied  extensively  is 
the  fact  that  the  fragments  emitted  explosively  from  the  surface  of  solid  materials  include  large  amounts  of  reactive 
intermediates  such  as  radicals  and  ions.3"7  This  suggests  the  possibility  for  utilizing  the  reactive  intermediates  in  a 
novel  method  for  the  chemical  modification  of  material  surfaces,  as  this  method  can  produce  a  pulsed  beam  of 
intermediates  with  a  higher  density  compared  to  the  pulsed  super  sonic  method.8  In  our  previous  reports,9 11  we 
investigated  the  chemical  reactivity  of  the  intermediates  produced  by  the  ablation  of  a  solid  film  of  a  photoreactive 
organic  molecule  in  an  argon  matrix  at  10  K. 

From  the  viewpoint  of  new  applications  in  laser  ablation  techniques,  we  have  investigated  the  laser  ablation  of  nitrogen 
solid  films  induced  by  UV  picosecond  (ps)  laser  irradiation  at  cryogenic  temperature.  Chemically  activated  nitrogen 
species  are  quite  useful  for  fabricating  a  nitride  material  applied  into  electronics  and  optics.12"16  However,  molecular 
nitrogen  is  an  inert  compound,  and  has  no  single-photon  absorption  band  in  UV,  visible,  and  IR  region.17  21  For  such 
a  transparent  molecule,  multi-photon  excitation  by  short-pulsed  laser  irradiation  with  high  intensity  would  be  an 
effective  technique  to  form  the  excited  states  of  molecules.22"25 

In  this  paper,  we  monitored  the  photolysis  of  nitrogen  solid  film  by  UV-visible  optical  emission  spectroscopy.  The 
mechanism  of  this  process  was  discussed  from  the  comparison  with  laser-induced  breakdown  of  nitrogen  gas. 
Moreover,  chemical  modification  of  graphite  and  silicon  surface  was  carried  out  by  exposure  to  a  plume  from  ablated 
nitrogen  solid,  and  confirmed  by  X-ray  photoelectron  spectroscopy  (XPS). 
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2.  LASER  ABLATION  AT  CRYOGENIC  TEMPERATURE 

Table  I  shows  the  list  of  the  papers  in  the  field  of  laser  ablation  at  cryogenic  temperature.  Although  there  are  not  many 
papers  published  in  these  areas,  the  target  materials  have  widely  expanded  into  polymers,  organic  materials,  inorganic 
materials,  and  inert  gases.  Plume  diagnoses  using  time-of-flight  mass  spectrometry  are  mainly  investigated  to 
elucidate  the  mechanism  of  laser  ablation  process. 


Table  1  Laser  ablation  at  cryogenic  temperature 


Target 

Polymer 
PMMACI 
PET,  PENC) 

Oreanic  materials 
CH,I, 

Benzene 

Aniline  in  C02 

Phenylazide 

Phenylazide  in  Ar 

Phenylazide  in  QF,4 

Chlorobenzene 

Toluene,  C6H5C1 

CH2C12,  c6h12 

Acetylene 

Acetone 

CH, 

CH4,  CO, 

A1(CH3)3 
Zn(CH3)2,In(CH3)3, 
Ga(CH3)3,  Sn(CH3)  4 
tryptophan,  tyrosine 
in  ethanol+glycerol 

Inorganic  materials 
N02(N204) 

NO 

NO 

NH3  in  H20 
TiO,  CrO,  CoO  in 
Ar  +  O, 

o3 

o3+n2o 

Cl2 

CL,  CH3C1 

CL 

CL 

CL  in  Xe 
CL,  IC1 

XeF2 _ 


Lasers'0 

Temperature 

Substrate 

Analysis,  investigation  b) 

Ref 

paper 

ns-ArF,KrF  exdmer 

90, 293K 

Cold  finger 

Etching  rate,  Temperature  effect 

26 

ns-KrF  excimer 

83K 

Cold  finger 

ESR,  Chemical  reactivity  with  monomers 

27 

ns-XeCl  excimer 

90K 

Sapphire,  Ag 

TOF-MS,  yields 

28 

ns-C02 

liq.  N2 

NaCl 

TOF-QMS,  kinetic  energy 

29 

ns-YAG  (1064nm) 

liq.  N-> 

TOF-QMS,  RE2PI 

30 

ns-KrF  excimer 

10K 

Ag,  Csl,  Sapphire 

Optical  emission,  plume  image 

10 

ns-KrF  excimer 

10K 

Ag,  Csl 

IR,  emission,  surface  reaction  of  polymer 

9 

ns-KrF  excimer 

84K 

Sapphire 

Emission,  surface  reaction  of  polymer 

11 

ns-KrF  excimer 

liq.  N2 

Si02 

TOF-QMS,  yields,  kinetic  energy 

31 

ns-KrF  excimer 

liq.  N2 

Si02 

TOF-QMS,  yields  vs.  fluence 

32 

ns-ArF,KrF  excimer 

liq.  N2 

Si02 

TOF-QMS,  yields  vs.  fluence 

33 

ns-ArF  excimer 

liq.  N2 

Cu 

PLD  of  diamond-like  carbon 

34 

fs-Ti:AL03  (790nm) 

liq.  N, 

Stainless  steel 

PLD  of  diamond-like  carbon 

35 

ns-YAG  (532nm) 

16K 

Si(100) 

PLD  of  SiC 

36 

ns-KrF  excimer 

12K 

Graphite 

PLD  of  diamond-like  carbon 

37 

ns-ArF  excimer 

110K 

SiO, 

TOF-QMS,  kinetic  energy 

4 

ns-ArF  excimer 

100K 

Si02 

TOF-QMS,  kinetic  energy 

38 

ns-C02 

liq.  N2 

Cold  finger 

TOF-MS,  REMPI-MS 

39 

ns-XeCl  excimer 

liq.  N, 

Sapphire 

TOF-QMS,  kinetic  energy 

40 

ns-ArF  excimer 

30K 

MgF, 

TOF-QMS,  1+1  MPI,kinetic  energy 

41 

ns-ArF  excimer 

25K 

Si02,  MgF, 

TOF-QMS,  kinetic  energy 

42 

ns-ArFKrF  excimer 

77K 

SiO, 

TOF-QMS,  kinetic  energy 

43 

ns-XeCl  excimer 

10K 

Cu 

TOF-MS,  ion  detection 

44 

ns-KrF  excimer 

30-60K 

Sapphire 

TOF-QMS,  kinetic  energy,  oxidation 

45 

ns-KrF  excimer 

30K 

Sapphire 

oxidation  and  nitridation  of  Si 

46 

ns-ArF  excimer 

25-1 10K 

SiO, 

TOF-QMS,  kinetic  energy 

47 

ns-ArF,XeF  exdmer 

100K 

Si(100),  SiO, 

TOF-QMS,  kinetic  energy 

48 

ns-YAG  (355nm) 

20K 

SiO, 

Etching  of  Si(100) 

49 

ns-YAG  (355nm) 

20K 

SiO, 

TOF-QMS,  sattering  from  Si(100) 

50 

ns-YAG  (355nm) 
ns-YAG 

20K 

SiO, 

TOF-QMS,  kinetic  energy 

51 

(266,355,532  nm) 

18K 

SiO, 

TOF-QMS,  kinetic  energy 

52 

ns-YAG  (266nm) 

20K 

SiO, 

TOF-QMS,  kinetic  energy 

53 
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Lasers3 


Temperature  Substrate 


Analysis,  investigation1 


Table  1  (continued) 
Target 

Inoreanic  materials 

n2,  h2o 
n2 
n2 
n2 


a)  ArF  laser  (k=  193  nm),  KrF  laser  (X=248  nm),  XeCl  laser  (X=308  nm),  XeF  laser  (X=351  nm),  N2  laser  (h= 337  nm),  C02  laser 
(X=10.6  pm),  ns-:  nanosecond,  ps-:  picosecond,  fs-:  femtosecond 

b)  TOF-QMS:  Time-of-flight  quadrupole  mass  spectrometry,  RE2PI:  resonance-enhanced  2-photon  ionization, 

PLD:  Pulsed  laser  deposition,  REMPI:  resonance-enhanced  multiphoton  ionization 

c)  PMMA:  polymethylmethacrylate,  PET:  polyethylene  terephthalate),  PEN:  poly(ethylene  naphthalate) 


ns-N2 

He  Cryostat 

Ag 

Quartz-crystal  microbalance 

ps-YLF  (263nm) 

10K 

Cu 

Emission,  surface  reaction  of  graphite 

ns-ArF,KrF  excimer 

10K 

Nb 

Emission,  co-ablation  with  Nb 

ns-ArF,KrF  excimer 

10K 

Nb,  BN 

PLD  of  NbN,  BN 

ns-dye 

(228,28 l,283nm) 

5-70K 

CaF2 

Mass,  etching  rate 

3.  EXPERIMENTAL 

To  prepare  a  solid  film  of  nitrogen,  nitrogen  gas  (>99.9995  %)  was  deposited  on  a  copper  plate  at  10  K  in  a  vacuum 
chamber  (10-4  Pa),  as  shown  in  Figure  1.  Thickness  of  the  film  on  the  plate  was  approximately  3  mm.  The 
deposited  film  was  irradiated  with  a  UV  ps-laser  at  the  wavelength  of  263  nm  in  vacuum  (fourth  harmonic  wavelength 
(FHG)  of  Nd:YLF  laser  (Continuum,  YFP-79CU);  x  =  8  ps,  intensity=  1.5  mJ  pulse'1,  repetition  rate=10  Hz).  Since 
the  second  harmonic  wavelengths  of  the  Nd:YLF  laser  beam  was  very  close  to  an  emission  band  of  a  photoproduct  in 
the  solid  film,  four  dichroic  mirrors  were  employed  to  reduce  the  contamination  of  the  wavelengths  at  526.5  nm.  The 
laser  beam  was  focused  with  an  achromats  quartz  lens  in  air. 

Optical  emission  spectrum  of  photoproducts  in  the  nitrogen  solid  was  measured  in  the  region  between  UV  and  visible 
wavelength  with  an  ICCD  camera  system  (Princeton  Instruments,  I-MAX)  with  a  105-mm  Nikon  telephoto  lens  (UV- 
Nikkor).  The  emission  was  detected  without  a  time-gated  function  on  the  ICCD  through  a  monochromator  (Acton 
Research  Co.,  SP-150)  having  diffraction  gratings  of  1200  grooves-mm'1  (resolution:  <  0.5nm).  In  the  detection  of 
emission  from  solid-nitrogen,  a  glass  filter  (cut-off:  290nm)  was  used  to  eliminate  scattering  of  the  excitation  laser 
beam  on  the  film.  The  spectrum  tube  of  nitrogen  (Electro-Technic  Products,  Inc.;  Model  SP200,  power  supply:  5000 
V)  was  used  for  detecting  emission  from  discharged  nitrogen  gas. 

A  plate  of  highly  oriented  pyrolytic  graphite  (HOPG;  Veeco  ZYH  Grade)  and  silicon  wafer  at  room  temperature  (RT) 
was  used  as  targets  for  exposure  to  the  plume  beam  at  a  distance  of  ca.  2  cm  from  the  cryogenic  nitrogen  solid.  The 
surface  of  the  modified  HOPG  plate  was  analyzed  by  XPS  (Perkin  Elmer  Co.,  PHI-5600ci;  X-ray:  monochromatic  Al- 
Ka).  Photoelectron  from  the  HOPG  surfaces  on  the  XPS  measurement  was  detected  at  the  angle  of  75°.  The  atomic 
ratio  of  the  sample  surfaces  was  estimated  from  the  peak  areas  of  XPS  spectra  recorded  by  fine  scanning . 


Vacuum  chamber  (10'4  Pa) 


Fig.  1  Schematic  drawing  of  experimental  apparatus. 
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4.  RESULTS  AND  DISCUSSION 

4.1  PHOTOLYSIS  OF  CRYOGENIC  NITROGEN  SOLID 

Die  optical  emission  spectra  of  the  nitrogen  gas  and  solid,  which  were  excited  by  electron  discharge  and  ps-pulsed  laser 
irradiation  are  shown  in  Figure  2.  Figure  2(a)  shows  the  emission  spectrum  from  a  spectroscopic  discharged  tube  of 
nitrogen  gas.  All  the  emission  peaks  in  the  region  between  300  nm  and  450  nm  were  ascribed  to  the  second  positive 
system  of  excited  neutral  molecular  nitrogen  (transition:  C3riu  — >  B3IIg).  Emissions  from  the  first  positive  system  of 
excited  N2  (B3IIg  -»  A3Xu+)  were  also  detected  between  500  nm  and  900  nm.  These  two  systems  are  typical  emission 
from  a  nitrogen  gas,  which  was  excited  by  electron  impact  in  a  discharge  tube.57 

At  the  breakdown  of  nitrogen  gas  (pressure:  200  Tot)  irradiated  by  a  focused  laser  beam  of  a  ps-Nd:YLF  laser  with  a 
fluence  of  ca.  20  J- cm'2 -pulse'1  at  263  nm,  a  unique  spectrum  was  obtained  as  shown  in  Fig.2(b).  These  detectable 
peaks  in  the  spectrum  are  corresponding  to  the  emissions  from  both  the  excited  N2  (second  positive  system)  and  atomic 
nitrogen.  Several  major  peaks  between  400  nm  and  900  nm  were  assigned  to  atomic  N  and  bF  (868  nm:  N  (“D  — »  4P), 
821  nm:  N  (4P  4P),  746  nm:  N  (“S  — » 4P),  568  nm:  N*  (3D  -» 3P),  500  nm:  bP  (3P  ->  3S  or/and  3F  -» 3D),  463  nm:  bP 

(  P  ->  P),  444nm:  bP  ('D  -»  *P)).58  Formation  of  atomic  nitrogen  in  the  breakdown  with  an  intense  laser  beam  was 
explained  by  a  Coulomb  explosion  of  photo-ionized  nitrogen  molecule,  so  that  excited  species  of  atomic  N  and  bP 
were  produced  in  the  multiple-fragmentation  process  of  a  nitrogen  molecule.59'62  In  addition,  electrons  having  a  high 
kinetic  energy  released  from  an  ionized  N2  molecule  during  the  laser  irradiation  would  cause  formation  of  the  second 
positive  system  of  excited  N2.  It  was  concluded  that  the  laser-induced  breakdown  of  nitrogen  gas  involved  the 
formation  of  ionized  species. 

On  the  other  hand,  when  a  cryogenic  nitrogen  solid  film  deposited  on  a  copper  plate  at  10  K  was  irradiated  with  the  ps- 
laser  with  a  fluence  of  5  J- cm 1  -pulse1,  new  optical  emission  bands  appeared.  Figure  2(c)  shows  the  emission 
spectrum  in  the  range  between  270  nm  and  700  nm.  The  intense  peak  at  523.3  nm  was  ascribed  to  (x  emission  (2D  — » 
S)  of  atomic  neutral  nitrogen.63  70  The  peak  at  594.8  nm  was  a  vibrational  satellite  (a'  emission)  lines  which 
correspond  to  the  simultaneous  0  1  transition  in  molecular  nitrogen  with  the  atomic  2D  -»  4S  emission.  In  the 
region  between  280  nm  and  400  nm,  very  weak  emissions  from  the  electronically  excited  nitrogen  molecule  (Vegard- 
Kaplan  system;  A3Lu+  (v’=0,l)  X'lg+  (v”=6-l  1))  were  observed.71’72 

In  addition,  6  emission  (transition:  2P  -»  2D)  of  atomic  nitrogen  was  observed  at  1047  nm.63  The  peak  at  856  nm  is  a 
vibrational  satellite  (8”  emission)  line  which  corresponds  to  the  simultaneous  1  ->  0  transition  in  molecular  nitrogen 
with  the  atomic  P  -»  2D  emission.  Moreover,  p  emissions  of  excited  atomic  oxygen  (transition:  ‘S  *D)  were 
observed  between  550  nm  and  570  nm  on  the  solid  film.67  70  Since  the  concentration  of  oxygen  atom  was  estimated 
to  be  less  than  0.002%  from  calculations  using  a  factor  in  the  literature, 73  74  these  emissions  were  originated  from 
negligible  contamination  of  oxygen  molecule  in  the  nitrogen  gas  cylinder.  These  phenomena  indicated  that  excited 
molecular  and  atomic  nitrogen  were  produced  in  the  solid  film  by  the  laser  irradiation. 
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Wavelength  /  nm 


Fig.  2  Optical  emission  spectra  of  nitrogen  from  (a)  a  discharge  tube,  (b)  a  optical  breakdown  using  ps-laser  at  263  nm  (N2:  200  Torr) 
Asterisk  in  the  Figure  corresponds  to  scattering  of  the  laser  beam,  (c)  a  nitrogen  solid  film  upon  irradiation  of  a  ps-Nd:YLF 
laser  at  263  nm  with  5  J  cm'2  pulse"1. 


In  the  solid  film,  major  optical  emissions  of  nitrogen  during  the  laser  irradiation  were  corresponded  to  neutral  atomic 
nitrogen.  These  results  suggested  that  neutral  atomic  nitrogen  was  dominantly  produced  and  trapped  in  the  cryogenic 
solid  film  in  the  photo-dissociation  of  a  nitrogen  molecule.  Trapping  of  N  atom  in  the  solid  was  evidenced  by 
thermo-luminescence  during  annealing  of  the  laser-irradiated  solid  film.75  Figure  3  shows  a  clear  emission  peak  at  523 
nm,  which  was  assigned  to  a  emission  of  atomic  nitrogen,  indicating  that  the  atomic  nitrogen  formed  by  the  photolysis 
was  trapped  without  recombination  in  the  nitrogen  solid.  ESR  measurements  of  nitrogen  solids  after  an  electric  high 
frequency  discharge  treatment  indicated  that  atomic  nitrogen  was  dominantly  trapped  at  a  substitutional  site  which  was 
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the  center  of  one  of  the  twelve  neighboring  nitrogen  molecules,64'65  and  that  a  limiting  concentration  of  matrix  isolated 
atoms  was  estimated  to  be  a  few  percents.66 


Wavelength  /  nm 


Fig.  3  Thermo-luminescence  spectrum  of  a  nitrogen  solid  film  at  annealing  after  ps-laser  irradiation  at  263  nm 
(temperature:  ca.  15-25K). 


Emission  intensity  of  these  lines  was  dependent  on  the  laser  fluence.  Figure  4  indicated  ot  emission  intensity  of 
nitrogen  atom  as  plotted  by  laser  fluence.  The  slope  of  the  intensities  on  logarithm  scale  was  estimated  to  be  2.86 
from  a  calculation  of  curve  fitting,  suggesting  that  nitrogen  molecules  were  dissociated  to  the  atom  under  multi-photon 
process.  The  value  of  2.86  suggests  that  three-photon  process  was  dominant  for  the  decomposition.  It  is  worth 
noting  that  Koda  and  coworkers  have  reported  that,  at  the  irradiation  of  a  nanosecond  KrF  excimer  laser  at  248  nm 
(photon  energy  5.0  eV),  the  increase  rate  of  the  a  emission  was  experimentally  dependent  on  the  2.8th  power  of  the 
laser  fluence.2*  Our  observation  was  in  good  agreement  with  the  case  of  ns-laser  irradiation.  Moreover,  since  total 
energies  of  two  and  three  photon  at  263  nm  are  ca.  9.4  and  14.1  eV,  respectively,  the  photo-dissociation  of  molecular 
nitrogen  would  require  over  10  eV  of  photon  energy. 


Fig-4  Emission  intensity  of  a  emission  at  523.3  nm  upon  the  irradiation  of  the  ps-laser  at  263  nm. 

Figure  5  displays  potential  energy  diagram  for  nitrogen  in  the  gas  phase.76'77  It  was  suggested  that  the  excitation  of 
molecular  nitrogen  by  three-photons  at  263  nm  mainly  induces  the  transition  from  the  ground  state  X  ‘Xg+  to  an  excited 
state  b  nu.  Since  the  potential  curves  of  fc'riu  and  7Zu  states  cross,  excited  molecular  nitrogen  on  fc'llu  state  could 
dissociated  to  atomic  nitrogen  through  7Xu  states  by  intersystem  crossing.  In  addition,  the  potential  curve  of  an  excited 
state  £g+,  which  is  another  dissociation  potential  to  atomic  nitrogen,  intersects  potential  curves  of  several  excited  states 
in  the  range  around  10  eV.  These  dissociation  potentials  indicates  that  inactivation  process  of  the  photo-excited 
molecular  nitrogen  was  led  the  decomposition.  Figure  5  also  shows  that  two  nitrogen  atoms  on  the  ground  state  4S 
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recombine  to  produce  a  nitrogen  molecule  on  vibrational  excited  states  of  A  3Zu+  and  X  *£g+  .  As  our  observation 
indicates  that  atomic  nitrogen  trapped  into  solid  nitrogen  film,  dissociation  process  of  photo-excited  molecular 
nitrogen  would  have  a  channel  to  obstruct  the  recombination  in  the  cryogenic  nitrogen  solid.  It  is  concluded  that 
molecular  nitrogen,  which  was  excited  by  multi-photon  absorption,  would  decompose  to  atomic  nitrogen  through  a 
high-lying  excited  state. 


0  0.1  0.2  0.3 

Internuclear  distance  /  nm 

Fig.  5  Potential  energy  diagram  for  nitrogen  in  the  gas  phase  (see  ref.  76). 
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4.2  LASER  ABLATION  OF  NITROGEN  SOLED  FILM 


Upon  the  laser  irradiation  at  fluence  of  10  J  cm'2  pulse'1,  the  nitrogen  film  was  ablated  on  the  plate.  Figure  6  shows 
optical  photograph  of  laser-irradiated  area  after  the  ablation.  An  etched  hole  was  observed  in  the  picture  that  was 
taken  from  the  angle  of  ca.  45  degree.  It  has  been  reported  that  a  thin  nitrogen  solid  film  on  a  metal  plate  was 
evaporated  upon  the  irradiation  of  a  pulsed  laser  by  thermal  energy  transfer  from  metal  plate  to  nitrogen  solid  layer.54 
However,  since  the  thickness  of  nitrogen  solid  was  used  to  be  ca.  3mm  to  avoid  thermal  effects  from  copper  plate, 
ablation  in  our  system  was  observed  on  the  surface  layer  of  the  nitrogen  thick  film.  The  etching  rate  for  the  ablation 
was  several  micrometers  per  a  laser  shot. 

When  the  fluence  of  10  J  cm  pulse  *,  was  applied  onto  the  nitrogen  solid,  not  only  three-photons  process  but  also  four- 
photons  process  would  be  possible.  The  excitation  of  molecular  nitrogen  by  four  photons  at  263  nm  mainly  produces 
single-ionized  molecular  nitrogen  (Ni+),  as  shown  in  Fig.  5.  Upon  the  laser  irradiation,  the  formation  of  a  large 
amount  of  ionized  species  on  the  surface  of  the  film  was  expected  to  cause  coulomb  explosion,  which  induced  ablation 
process  on  the  surface.  Since  nitrogen  solid  film  is  transparent  for  single  photon  absorption  at  the  wavelength  of  263 
nm,  multi-photon  process  would  be  require  for  the  ablation  process. 


0.5  mm 

Fig.  6  Optical  photograph  of  the  ablated  area  on  solid  nitrogen  upon  ps-laser  irradiation. 


The  chemical  reactions  of  a  HOPG  and  silicon  surface  with  the  reactive  intermediates  in  the  plume  produced  by  the 
ablation  of  nitrogen  solid  film  were  studied  from  the  viewpoints  of  surface  modification  of  the  solid  material.  After 
treatment  with  the  plume  formed  by  the  laser  irradiation  at  10  J  •  cm'2  •  pulse1  for  5  min,  a  new  Nis  peak  was  observed  in 
XPS  spectra  of  the  HOPG  and  silicon  surface,  as  shown  in  Fig.  7.  On  the  fine  scanning  spectrum,  a  new  Njs  peak  at 
399.4  eV  of  the  HOPG  spectrum  was  observed,  indicating  that  the  nitrogen  atoms  ejected  by  the  ablation  were 
immobilized  through  chemical  bonds  onto  the  HOPG  surface,  because  the  nitrogen  molecules  physisorbed  on  HOPG 
surface  had  a  binding  energy  at  a  peak  of  403.9  eV,78  which  was  much  larger  than  that  obtained  in  our  measurements. 
These  data  suggested  that  nitrogen  atoms  were  not  bonded  in  a  molecular  configuration.  Atomic  ratio  of  Nls/Cls  was 
estimated  to  be  0.23  by  comparison  with  the  peak  areas  of  fine  scanning  spectra  at  Cis  and  Nis  regions. 

Atomic  ratio  of  Nls/Cls  was  dependent  on  the  detection  angle  of  XPS.  Nitrogen  content  increased  as  decrease  in  the 
angle  0,  indicating  that  nitrogen  was  dominantly  localized  on  the  top  of  surface  layers  of  HOPG.  The  ratio  at  the 
surface  was  estimated  by  extrapolation  to  be  Nls/Cis  =  0.3.  Moreover,  immobilized  amount  of  nitrogen  on  HOPG 
surface  simply  increased  as  increase  in  the  laser  treatment  time  up  to  5  min.  However,  saturation  of  the  amount  was 
observed  at  the  treatment  between  5  min  and  15  min.  These  results  suggested  that  our  method  of  nitride  formation  on 
HOPG  surface  produced  different  products  from  that  by  nitrogen  discharge  plasma  treatment  of  HOPG1213  and  by  laser 
ablation  of  graphite  in  nitrogen  atmosphere.14 

Alvares  and  co-workers  reported  that  a  critical  value  of  nitrogen  concentration  [N]/[N+C]  ~  15  %-  20  %  for  structural 
change  was  theoretically  and  experimentally  observed  in  carbon  materials  having  random  nitrogen  substitution.79  80  At 
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a  concentration  lower  than  the  critical  value,  amorphous  carbon-nitrogen  alloys  consist  of  a  graphite-like  layer  structure. 
Above  the  critical  value,  the  alloys  were  changed  to  a  non-planar  structure  with  cyano-species  (-CN).  As  the  HOPG 
surface  treated  with  the  nitrogen-plume  included  a  planar  structure  having  a  maximum  ratio  [N]/[N+C]  ~  23  %  on  the 
basis  of  XPS  and  AFM  measurements,  our  method  was  a  highly  effective  modification  of  graphite  surface  layer  to 
incorporate  nitrogen. 

In  the  case  of  the  laser-treated  silicon  wafer,  new  Nis  peaks  at  398  eV  and  400  eV  were  detected  on  the  surface.  These 
peaks  were  ascribed  to  the  formation  of  a  nitride  on  the  surface,  and  the  atomic  ratio  of  Nis/Si2P  was  estimated  to  be 
0.54.  These  atomic  ratios  determined  by  XPS  suggested  that  carbon  nitride  (C3N4)  and  silicon  nitride  (Si3N4)  would 
be  partly  produced  in  the  surface  layer  of  the  HOPG  and  silicon  plate.  This  technique  provides  an  effective  method 
to  form  a  nitride  on  materials  surfaces. 


Binding  energy  /eV 


(b) 


Binding  energy  /  eV 


Fig.  7  XPS  spectra  recorded  with  a  survey  scan  of  the  surface  of  HOPG  (a)  and  silicon  (b)  plate  after  the  nitrogen-plume  treatment. 


5.  CONCLUSION 

We  demonstrated  a  new  technique  using  the  ablation  of  nitrogen  induced  by  UV  ps-laser  irradiation.  Multi-photon 
excitation  of  a  cryogenic  nitrogen  solid  film  produced  atomic  nitrogen,  which  was  trapped  in  the  film.  The 
mechanism  of  multi-photon  processes  was  discussed  on  the  basis  of  the  excitation  of  molecular  nitrogen.  By  using  the 
reactive  nitrogen  plume,  a  new  chemical  surface  modification  technique  was  developed,  which  will  be  useful  for 
fabricating  nitride  thin  films  in  future  electronic  and  optical  applications. 
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ABSTRACT 

Holes  drilled  in  Aluminum  using  nanosecond  and  femtosecond  laser  pulses  are  characterized  by 
Transmission  Electronic  Microscopy  (TEM).  Hence  we  present  a  method  for  quantifying  the  dimensions  of  the  heat 
affected  zone  (HAZ)  surrounding  micro-holes  by  analyzing  the  grain  size  evolution.  Drilled  samples  investigations  are 
performed  after  electrolytic  thinning  down  to  100  nm. 

The  experiments  require  a  real  time  imaging  system  to  shot  close  to  the  located  thinner  zone  with  an  accuracy  in  the  pm 
range.  Thin  A1  samples  are  drilled  both  in  nanosecond  and  femtosecond  regimes  using  the  same  pulse  number  and  the 
same  Ti-Sapphire  laser  source  (1  kHz,  800  nm).  The  regeneratively  amplified  ultra-short  pulses  (150  fs)  are  utilized  at  a 
low  fluence  regime  (typically  0.01-0.5  mJ/pulse),  while  the  longer  pulses  (ns)  are  obtained  from  the  regenerative 
amplifier  without  oscillator  seeding  (0.5  mJ,T~  7-8  ns). 

The  main  conclusion  is  that  a  40  pm  wide  HAZ  is  induced  by  nanosecond  pulses,  whereas  the  femtosecond  regime  does 
not  produce  any  TEM  observable  HAZ.  It  has  to  be  noticed  that  the  width  of  the  femtosecond  HAZ  is  roughly  less  than 
2  pm,  which  is  our  observation  limit. 


Keywords:  femtosecond,  micromachining,  microcutting,  non  thermal  interaction,  HAZ,  TEM. 


1.  INTRODUCTION 

Due  to  recent  progress  in  ultrashort  laser  sources,  fundamental  and  technological  fields  have  been  investigated.  In 
the  sub-picosecond  time  duration  range,  very  precise  processing  of  materials  can  be  achieved1"*11.  It  has  been  shown 
that  physical  phenomena  occuring  during  laser-matter  interaction  were  drastically  different  for  the  nanosecond  regime 
compared  to  the  sub-picosecond  one5.  Among  these  phenomena,  the  paper  focuses  on  thermal  effects  during  hole 
drilling  or  cutting.  These  thermal  effects  are  due  to  the  heat  diffusion  process  and  lead  to  a  heat  affected  zone  (HAZ) 
near  the  domain  irradiated  by  the  laser  beam.  In  the  nanosecond  regime,  a  width  of  10  pm  to  1  mm  is  usually  observed 
for  the  HAZ,  whereas  in  the  femtosecond  case,  the  penetration  length  of  thermal  diffusion  in  the  material  is  very 
limited,  leading  to  a  very  small  HAZ.  Studies  of  the  thermal  effects  in  the  femtosecond  regime  are  mainly  theoretical 
and  concern  the  diffusion  length  along  the  beam  axis.  The  femtosecond  regime  is  thus  often  considered  as  HAZ  free, 
since  the  HAZ  is  very  difficult  to  observe  and  quantify  with  conventional  optics  or  microscopy  techniques.  In  further 
sections  some  qualitative  analysis  are  obtained  with  classical  optical  microscopy,  scanning  electronic  microscopy 
(SEM)  and  optical  profilometry.  These  techniques  give  a  good  estimation  of  surface  quality,  roughness  or  material 
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removal  in  the  case  of  micromachinig  with  ultra-short  laser  pulses  in  comparison  with  nanosecond  ones  and  allow  to 
improve  our  experimental  procedure. 

We  propose  also  to  go  further  by  studying  the  transverse  microstructural  changes,  no  at  the  surface  but  inside  the 
material,  which  is  possible  by  Transmission  Electronic  Microscopy  (TEM).  Few  investigations  have  already  been 
initiated9'10.  We  give,  to  our  knowledge,  the  first  results  of  the  quantitative  analysis  of  the  HAZ  near  micro-holes 
drilled  in  A1  samples  by  comparing  the  grain  size  evolution  in  the  radial  direction  after  both  nanosecond  and 
femtosecond  irradiation. 


2.  EXPERIMENTAL  SET-UP 

The  experimental  set-up  is  depicted  in  figure  1.  Ultra-short  laser  pulses  are  generated  by  amplified  all  solid-state 
Ti:Sapphire  laser  chains.  Low  energy  pulses  are  extracted  from  a  mode-locked  oscillator  (1.6  nJ/pulse,  80  MHz,  800 
nm  120  fs).  The  pulses  are  then  injected  in  two  possible  amplifying  chains.  The  first  one  using  the  well  known 
“chirped  pulse  amplification”  technolology  (CPA),  includes  an  optical  pulse  stretcher,  a  regenerative  amplifier 
associated  with  a  two-pass  amplifier  using  as  pumping  source  a  20  W  Nd  :YLF  laser,  and  a  pulse  compressor.  P- 
polarized  pulses  with  wavelength  centered  around  800  nm,  an  energy  of  1,5  mJ  and  a  1  kHz  repetition  rate,  with  a 
typical  duration  of  150  fs  are  obtained. 

From  the  second  one,  low  energy  pulses  (5  pJ)  are  extracted  with  a  100  to  250  kHz  repetition  rate  at  800  nm  and  with  a 
pulse  duration  of  150  fs.  A  8  W  (CW)  green  laser  is  used  there  as  pumping  souce.  No  strecher  is  necessary  for  such  low 
energies.  Pulses  are  compressed  in  a  four-pass  single  grating.  To  obtain  nanosecond  pulses,  we  use  the  first  amplifying 
chain  without  any  fs  pulse  injection.  The  pulse  duration  is  then  within  the  range  of  7-8  ns. 


Figure  1 :  Experimental  set-up.  OSC  :  femtosecond  oscillator  80  MHz,  1.6  nJ/pulse,  120  fs  ; 
YLF :  flash-pumped,  ns  ,20  W,  1  kHz,  Nd  :YLF  laser ;  AMP  1  :  stretcher,  regenerative 
amplifier  +  2  pass  amplifier  and  compressor  ( 1.5  mJ/pulse,  1  kHz,  150  fs) ; 

AMP  2  :  regenerative  amplifier  and  compressor  (5  pJ/pulse,  100  to  250  kHz,  150  fs) ; 

CLO  :  external  controlled  clock  device  ;  He-Ne  :  cw  4  mW  He-Ne  laser  for  alignement  and 
imaging  ;  BS  :  beam  sampler  ;  M* :  mirrors  ;  A  :  circular  aperture  ;  DP,- ;  dichroiic  plate  ;  P  : 
polarizer  ;  X/2  :  half-wave  plate  ;  L  :  lens  ;  OBJ  :  focusing  objective  ;  RD  :  rotating  diffusing 
plate  ;  S  :  sample  ;  MT, :  motorized  translations 
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To  allow  a  low  energy  regime  (typically  0.01  to  0.5  mJ/pulse),  laser  pulses  are  obtained  without  the  two-pass  amplifier. 
Additional  attenuation  is  then  provided  by  a  half-wave  plate  combined  with  a  polarizer.  An  external  electronic  clock 
device  which  controls  the  voltage  applied  to  the  Pockels  cell  of  the  amplifier  1,  also  enables  a  single  shot  mode  running. 
The  samples  are  mounted  on  a  three-motorized-axes  system  with  0.5  pm  accuracy.  Focusing  objectives  of  50  mm,  25 
mm  or  10  mm  focal  lengths  are  used  to  obtain  micro-holes  with  a  less  than  100  pm  diameter. 

The  drilling  process  is  monitored  in  real  time  thanks  to  an  incoherent  imaging  system  which  consists  in  a 
He-Ne  laser  illuminating  a  rotating  diffusing  plate.  Speckle  effects  observed  on  the  CCD  camera  are  then  averaged.  The 
resolution  of  the  imaging  device  is  less  than  5  pm,  which  is  widely  enough  compared  to  typical  micro-holes 
dimensions.  A  Fresnel  reflection  of  the  same  He-Ne  laser  on  a  beam  sampler  is  used  as  an  alignment  guide  for  the 
whole  set-up.  Precise  focusing  of  the  633  nm  He-Ne  alignment  beam  on  the  sample  is  reached  when  speckles  observed 
through  an  additional  diffusive  plate  situated  off-axis  close  to  the  sample  are  as  large  as  possible.  Axial  chromatism 

between  633  nm  and  800  nm  (e.g.  120  pm  for  the  25  mm  focal  length  lens)  is  then  corrected  experimentally  with  one  of 
the  three  motorized  axes. 

Experiments  are  performed  both  at  the  focal  point  and  at  the  image  point  of  a  aperture  placed  before  the  objective  as 
depicted  in  figure  2.  Image-point  processing  has  several  advantages  :  spurious  conical  drilling  effects  are  reduced  and 
the  hole’s  borders  are  sharper.  The  main  drawback  is  high  loss  rate  due  to  spatial  amplitude  filtering. 


Objet  plane1 


Figure  2  :  Schematic  understanding  of  material  processing  at  the  focal  plane  or  at  the  image 
plane 
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3.  CLASSICAL  CHARACTERIZATIONS  OF  THERMAL  EFFECTS. 


3.1.  Optical  profilometry. 

Surface  topography  after  microdrilling,  microcutting  and  microetching  can  be  precisely  analysed  by  optical 
profilometry. 


3.  d)  3D  vue,  nanosecond  case 
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3.  c)  rear  side  profile 


Figure  3  :  Optical  profilomerty  investigations  of  holes  drilled  in  a  50  pm  thick  A1  sample  in 
a)  femtosecond  mode,  d)  nanosecond  mode. 


Micro-holes  were  performed  on  a  50  pm  thick  aluminum  sample.  Experiments  are  performed  at  the  image  point  of  a  3.5 
mm  aperture  placed  1.35  m  before  the  10  mm  focal  lentgh  objective.  This  was  achieved  at  1  kHz,  800  nm,  150  fs  and 
with  a  fluence  of  2  J/cm2  in  the  femtosecond  mode.  The  accuracy  of  our  experimental  procedure  was  demonstrated  by 
controlling  the  diameter  and  conicity  (widths  at  the  rear  and  front  side  are  equal,  fig  3.  b)  and  3.  c))  with  optical 
profilometry.  The  second  main  interest  is  the  evaluation  of  the  roughness  and  “wall”  quality  of  the  microdrilling.  No 
removal  matter  or  stress  of  the  material  are  observed,  the  roughness  is  weak  around  the  micro-hole.  That’ s  not  the  case 
in  the  nanosecond  mode  (fig.  3.d)),  where  quite  significant  removal  matter  close  to  the  micro-hole  is  present.  This  hole 
was  drilled  at  the  same  wavelentgh,  1  kHz,  8  ns  and  with  a  fluence  of  5  J/cm2. 

Optical  profilometry  is  the  first  step  of  an  accurate  characterization  of  microdrilled  samples. 

3.2.  Optical  microscopy  and  scanning  electronic  microscopy  (SEM) 

3.2.1.  Microdrilling 

Optical  microscopy  and  scanning  electronic  microscopy  give  an  overview  of  the  micromachining  quality,  it 
can  show  differences  of  roughness  or  material  removal  with  ultra-short  laser  pulses  in  compared  to  nanosecond  case  as 
illustrated  in  figures  4.  a)  and  4.  b). 
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4.  a)  nanosecond  4.  b)  femtosecond 

Figure  4  :  SEM  image  of  50  urn  holes  drilled  in  a  100  pm  thick  copper  sample . 


It  has  to  be  noticed  that  the  fluence  was  6  J/crrr  in  both  case  presented  in  the  fig.  4,  and  that  the  drilling  is  performed  at 
1  kHz  and  at  the  same  wavelength,  800  nm.  These  conditions  are  obviously  not  the  best  for  drilling  with  ns  pulses,  but  it 
allows  to  put  in  evidence  the  difference  between  the  two  regimes. 


3.2.2.  Microcutting 

For  a  beam  diameter  in  the  range  of  ten  micrometers,  a  high  repetition  rate  and  a  very  low  fluence,  at  high  speed 
displacement  of  the  motorized  translations  are  necessary  for  precise  micromachining  or  microcutting.  A  grid  on  a  gold 
foil  of  20  pm  thickness  has  been  performed  at  800  nm,  at  a  repetition  rate  of  100  kHz  and  at  a  fluence  of  about 
1  J/  cm".  A  20  mm/s  scan  speed  of  the  motorized  stage  was  used  to  obtain  the  grooves  with  widths  of  15  pm  and 
spaced  out  from  50  pm.  The  obtained  result  is  depicted  in  figure  5. 


Figure  5  :  a)  top  view  (optical  microscope,  xlO  and  x50  top  right)  of  a  grid  on  a  20  pm  thick 
gold  foil,  the  width  of  the  grooves  is  15  pm  and  distanced  from  50  pm  ;  b)  top  view  (SEM)  of 
the  groove  ;  c)  SEM  image  of  the  microcutting  quality  of  the  edge. 
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Microcutting  with  ultra-short  laser  pulses  for  such  an  accurate  work  is  very  efficient.  As  shown  by  the  SEM  images,  a 
great  edge  straightness  is  obtained,  no  collateral  damages  occur  and  the  redeposit  matter  is  reduced.  Such  a  quality  in 
micromachining  is  hardly  to  obtain  without  any  assist  gas.  For  comparison  results  are  presented  in  fig  6  for 
microcutting  with  nanosecond  pulses  (10  J/cm2,  800  nm,  1  kHz,  8  ns).  Properties  material  modification,  melting  and 
resolidification  occur  without  assist  gas  .  The  difference  on  thermal  properties  on  material  processing  by  femtosecond 
or  nanosecond  pulses  is  evidenced  at  atmospheric  pressure. 


Figure  6  :  a)  top  view  (optical  microscope,  xlO)  of  a  groove  on  a  20  pm  thick  copper  foil, 
the  central  width  of  the  grooves  is  50  pm  (10  J/cm2,  800  nm,  1  kHz,  8  ns) ;  b)  SEM  image 
of  the  microcutting  quality  of  the  edge. 


4.  CHARACTERIZATION  OF  HAZ  USING 
TRANSMISSION  ELECTRONIC  MICROSCOPY. 

Femtosecond  ablation  in  metals  near  the  plasma  energy  threshold  can  be  described  using  the  two 
temperature  model  (  TTM)5'8'12'13.  In  this  model,  we  consider  that  the  free  electrons  are  in  thermal  equilibrium  at  a 
temperature  Te  greater  than  the  temperature  of  the  lattice  Tt.  The  evolution  of  Te  and  Tj  are  then  described  by 
two  coupled  heat  diffusion  equations.  The  key  parameter  is  the  electron/phonon  coupling  constant ,  namely  g,  which 
determines  the  electron-phonon  energy  transfer  time  Tr,  and  then  the  limit  between  thermal  and  non-thermal  processes. 
This  coupling  value  has  been  widely  studied,  in  copper  for  instance,  g=1016  W/m3/K  5,  and  the  electron-phonon 
relaxation  time  is  found  to  be  4  ps.  If  the  time  width  of  the  laser  pulse  is  greater  than  Tr,  part  of  the  energy  is  lost  into  the 
lattice.  Hence,  the  material  is  thermally  affected,  the  efficiency  of  the  ablation  is  reduced  and  since  ejected  matter 
interact  with  the  laser.  Whereas  in  the  femtosecond  regime  the  energy  is  temporally  concentrated  (lower  than  Tr),  then 
the  thermally  diffused  energy  is  very  reduced  and  the  HAZ  is  minimum.  The  HAZ  size  is  found  to  be  few  hundreds  of 
nanometers  in  the  case  of  metals  in  the  beam  direction7. 

A  new  method  to  quantify  the  Heat  Affected  Zone  by  a  measurement  of  the  transverse  microstructural  changes  no 
more  at  the  surface  but  inside  the  material  is  possible  using  Transmission  Electronic  Microscopy  (TEM). 

4.1.  Experimental  procedure. 

The  experimental  procedure  proposed  here  is  based  on  a  laser  drilling  of  samples  previously  prepared  for  TEM 
analysis.  The  thickness  of  the  samples  is  reduced  down  to  500  nm,  before  the  experiments.  This  allows  a  local  study  of 
the  effects  produced  by  a  finite  number  of  low  fluence  laser  pulses.  In  this  study,  1000  pulses  were  produced  in  one 
second  with  fluences  of  2  J/cm2  and  5  J/cm2  respectively  for  the  femtosecond  and  the  nanosecond  cases,  these  fluences 
were  chosen  above  the  ablation  threshold  fluences  in  both  cases. 

The  thickness  of  the  samples  was  reduced  by  an  electrolytic  process.  Metallic  disks  of  about  3mm  in  diameter  were 
used.  The  process  was  stopped  automatically  when  light  was  detected  through  the  sample.  It  turns  out  that  a 
randomly  shaped  hole  is  always  present  in  the  middle  of  the  sample.  Throughout  this  paper,  this  hole  will  be  referred  to 
as  the  “middle  hole”.  The  final  shape  of  the  sample  is  depicted  in  figure  7,  whereas  the  middle  part  of  it  is  zoomed  in 
figure  8. 
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The  thickness  of  the  area  observed  by  a  CM  200  TEM  operated  at  200  kV  used  in  this  study  has  to  be  less  than  500  nm. 
This  area  is  thus  located  in  the  vicinity  of  the  middle  hole,  namely  at  a  maximum  distance  of  40  to  100  pm,  depending 
on  the  quality  of  the  thinning  down.  In  order  to  observe  the  local  effects  induced  by  laser  drilling,  the  produced  holes 
have  to  cross  this  area.  Positioning  of  the  target  sample  was  achieved  by  using  the  real-time  imaging  device  described  in 
section  2. 


thickness 
50-100  nm 

100  pm 

•* - — - ► 

3  mm 


Figure  7  :  Side-view  schematic  of  the  thinned  samples 


Figure  8  .  a)  3  mm  A1  disc  ;  b)  Top  view  (X  5 ,  optical  microscope)  of  a  A1  thinned  sample. 
A  -100  pm  thinning-down  hole  is  present  in  the  middle  of  the  sample.  The  target  has  to  be 
drilled  by  the  fs  and  ns  pulses  laser  at  a  maximum  distance  of  80  pm  from  the  middle  hole  to 
allow  an  efficient  TEM  analysis. 
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4.2.  Results 

In  order  to  obtain  a  quantitative  estimation  of  the  HAZ  width,  we  focused  on  the  evolution  of  the  grain  size 
between  the  middle  and  the  laser  drilled  holes  in  both  pulse  duration  regime.  In  the  nanosecond  pulse  duration  case  we 
shot  the  A1  sample  at  70  pm  from  the  middle  hole  (figure  9)  and  at  35  pm  for  the  femtosecond  case  (figure  10). 


Figure  9  :  optical  microscope  top-view  (x50), 
showing  the  middle  hole  (point  A)  and  the  laser 
hole  drilled  in  nanosecond  regime  (point  B). 


Figure  10  :  optical  microscope  top-view 
(xlOO),  showing  the  middle  hole  (point  A)  and 
the  laser  hole  drilled  in  femtosecond  regime 
(point  B). 


An  example  of  Magnified  (x  8500)  images  obtained  by  TEM  is  shown  in  figure  11,  this  image  was  treated  by  an 
average  statistical  method  to  obtain  the  local  grain  size.  The  average  grain  number  is  about  50  per  image.  Several 
images  were  analyzed  between  point  A  (“middle”  hole  border)  and  point  B  (laser  hole  border). 


◄ - ► 

~  4  pm 


Figure  11  :  image  of  the  grains  obtained  by 
TEM  (x  8500) 
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Distance  from  the  middle  hole  (|jm) 

Figure  12  :  Evolution  of  the  grain  size  in  the  A1 
sample  drilled  with  nanosecond  pulses 


Figure  12  displays  the  evolution  of  the  grain  size  in  the  sample  which  is  drilled  with  nanosecond  pulses.  Two 
regions  can  be  observed.  In  the  vicinity  of  the  middle  hole,  up  to  35  pm  from  it,  the  grain  size  is  approximately  0.9  to 
1.0  micrometer  which  is  the  initial  grain  size  of  the  sample.  The  second  region,  near  the  laser  hole,  is  characterized  by  a 
grain  growth.  In  this  region,  the  grain  size  increases  up  to  1.3- 1.4  micrometers  (cf :  fig  9).  The  transition  between  these 
two  regions  provides  an  estimation  of  the  size  of  the  Heat  Affected  Zone.  In  the  nanosecond  regime,  the  HAZ  is  then 
about  40  pm  width. 


distance  from  the  middle  hole  (|jm) 

Figure  13  :  Evolution  of  the  grain  size  in  the  A1 
sample  drilled  with  femtosecond  pulses 
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Figure  13  represents  the  grain  size  evolution  between  the  middle  hole  (point  A)  and  the  laser  hole  (point  B)  in 
the  case  of  femtosecond  pulses.  In  this  case,  only  one  region  can  be  identified,  with  a  constant  averaged  grain  size  of 
about  1  pm.  Since  the  distance  between  points  A  and  B  is  only  35  pm,  the  grain  size  was  also  determined  at  point  C, 
which  is  located  far  from  the  laser  holes  (cf :  fig  10).  A  1  pm  grain  size  was  also  obtained  at  this  point.  As  a  result,  we 
can  say  that  the  size  of  the  HAZ  is  less  than  2  pm  in  the  femtosecond  regime.  This  value  corresponds  to  the  nearest 
position  from  the  laser  hole  border  that  could  be  experimentally  analyzed. 

In  a  previous  work  using  TEM  technique,  the  width  of  the  HAZ  was  found  to  be  independent  of  the  pulse 
duration  (from  50  ns  to  200  fs)9,  and  reached  a  value  of  5  to  10  pm.  It  should  be  noticed  here  that  these  results 
were  obtained  with  very  different  experimental  conditions  (very  high  fluences,  thick  samples. . .). 

5.  CONCLUSION 

The  experimental  procedure  presented  in  this  paper  emphasizes  differences  in  the  HAZ  size  obtained  with  nanosecond 
and  femtosecond  regimes,  which  was  evidenced  by  many  theoretical  investigations.  Classical  tools  like  optical 
profilometry,  optical  microscopy  or  scanning  electronic  microscopy  allow  only  qualitative  observation  concerning 
thermal  effects  and  micromachining  quality.  These  classical  techniques  are  used  to  control  and  improve  experimental 
machining  processes,  but  a  precise  measurement  of  the  HAZ  is  not  possible.  Transmission  electronic 
microscopy  appears  to  be  of  great  interest  to  fill  this  gap  by  studying  the  transverse  microstructural  changes  not  only  at 
the  surface  but  inside  the  material.  In  our  experimental  conditions,  a  40  pm  HAZ  is  found  in  an  A1  sample  with 
nanosecond  pulses  and  no  HAZ  is  detected  in  femtosecond  pulses  case  limited  by  the  2  pm  spatial  resolution  of  the 
analysis.  To  improve  and  perhaps  measure  the  width  of  the  HAZ  in  the  femtosecond  regime,  we  have  to  reach  the  nm 
scale.  Some  theoretical  suggest  a  diffusion  length  of  a  few  hundreds  of  nanometers  in  the  case  of  metals.  A  thermal 
model  is  currently  being  developped  to  describe  the  radial  heat  diffusion  in  the  sample,  and  thus  explain  the  differences 
between  nanosecond  and  femtosecond  regimes.  Such  works  are  under  progress. 
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ABSTRACT 

We  report  the  observation  of  3/2-frequency  generation  during  an  Optically-induced  failure  of  silica  under  femtosecond 
laser  pulse  irradiation.  The  origin  of  3/2-frequency  generation  is  due  to  a  two-plasmon  decay  instability,  which  occurs 
at  the  quarter  critical  density  of  free  charge  carriers.  We  observed  this  emission  during  the  optical  damaging  of  glasses 
by  tightly  focused  (numerical  aperture  of  the  objective  lens  was  0.5-1.35)  femtosecond  laser  pulses.  The  pulse  duration 
at  the  irradiation  spot  was  about  0.35  ps,  the  energy  25-250  nJ,  and  the  damage  was  recorded  in  a  single  shot  event 
inside  the  glass.  The  emission  at  about  530  nm  was  only  present  in  the  spectra  measured  during  an  optical  damage 
by  795  nm  irradiation  with  the  pulse  energy  9  times  and  more  higher  than  the  threshold. 

We  observed  a  new  phenomenon  applicable  for  microstructuring  of  glass.  The  high  energy  fs  pulses  (50-200  p.3) 
were  focused  by  a  plano-convex  lens  (focal  length  2-10  cm)  on  the  exit  surface  of  a  glass  plate.  The  surface  was 
ablated  and  the  ablation  was  transferred  into  a  volume  of  glass  by  translation  of  a  ’’plasma  spark”.  The  length  of 
such  a  channels  can  by  up  to  few-cm  and  with  a  diameter  of  tens-of-micrometers.  The  mechanism  and  application 
of  high-fluence  fs  fabrication  in  dielectrics  is  discussed. 

Keywords:  direct  laser  writing,  dielectric  breakdown,  two  plasmon  decay  instability,  silica,  light-induced  damage 
threshold,  microfabrication 


1.  INTRODUCTION 

Microstructuring  and  microfabrication  of  materials  by  ultra-short  100-400  fs  (1  fs  =  10-15  s)  pulses  find  new  fields 
of  application,  especially,  where  three-dimensional  (3D)  freedom  of  fabrication  inside  transparent  solid1  or  liquid2 
material  is  necessary.  At  the  same  time,  a  full  understanding  of  laser  light-material  interaction  is  still  missing  in  the 
case  of  fe  exposure.  3D  microstructuring  is  elucidated  even  less  than  the  ablation  due  to  an  inherent  difficulty  to 
apply  such  techniques  as  mass  spectrometry  and  time-of-flight  methods,  which  have  been  proven  to  be  essential  in 
the  ablation  studies. 

T.igbt  induced  damage  threshold  (LIDT)  for  a  3D  microstructuring  is  usually  defined  as  the  light  intensity  (or 
fluence)  necessary  to  generate  critical  density  of  electrons,  Ncr.3  The  maximum  free  charge  carriers  concentration 
to  be  reached  by  optical  excitation  is  defined  by  the  plasmon  frequency  as  upi  -  \J 4irNcre2/ ( mem * ) ,  where  e  is  the 
electron  charge,  m*  and  me  are  the  gravity  and  effective  mass  of  electron,  respectively.  When  plasmon  frequency  is 
equal  to  that  of  laser  irradiation,  the  material  reflects  the  laser  light  (the  reflection  coefficient  R  — ►  1).  This  is  true 
for  the  ideal  case  of  homogeneous  plasma  and  at  right  angle  incidence.  However,  in  the  case  on  non-homogeneous 
plasma,  and  in  the  presence  of  longitudinal  light  field  along  its  propagation,  as  it  is  in  the  case  of  oblique  incidence  of 
p-polarization  (or  at  tight  focusing),  the  light  energy  can  be  further  delivered  to  the  plasma  region.  In  fact,  namely 
this  principle  is  used  in  experiments  on  laser  induced  nuclear  fusion  experiments  where  longitudinal  energy  transfer 
from  light  to  matter  is  implemented. 

Definition  of  LIDT  via  Ncr,  however,  does  not  describe  the  nature  of  the  phenomenon  of  dielectric  (optical) 
breakdown,  which  is  a  total  photoionization  of  focal  volume  via  non-linear  absorption  processes.  Technically  LIDT 
can  be  defined  as  the  intensity /fluence  at  which  residual  structural  modifications  of  material  is  introduced.  Obviously, 
this  criterion  of  LIDT  determination  is  dependent  on  the  measurement  technique  used  to  examine  the  modification. 
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Figure  1.  Principal  setup  of  fabrication  and  characterization  using  a  high  numerical  aperture,  NA  >  1,  objective 
lens. 

Here  we  describe  an  experiment  aimed  at  fe  microstructuring  by  fluencies  corresponding  to  free  carrier  Hpnaitioa 
lower  than  Ncr-  We  examined  a  light  emission  from  the  irradiation  spot  during  dielectric  breakdown  for  a  charac¬ 
terization  of  the  breakdown.  Also,  the  fabrication  by  a  plasma  spark  scanned  inside  the  glass  is  demonstrated.  This 
technique  allowed  microstructuring  on  a  mm-to-cm  length  scale. 

2.  EXPERIMENTAL 

Fs-fabrication  was  carried  out  by  amplified  150  &  pulses  obtained  from  laser  setup,  which  consists  of  Ti:sapphire 
Tsunami  oscillator  and  regenerative  (chirped  pulse)  amplifier  Spitfire,  both  from  Spectra  Physics.  The  output  power 
was  about  500  mW  at  1  kHz  repetition  rate.  This  radiation  was  delivered  to  sample  under  fabrication  by  focusing  with 
(»)  plano-convex  lens  or  (ti)  microscope  (Fig.  1).  The  pulse  energy  at  irradiation  point  was  calculated  and  is  specified 
where  it  applies.  For  a  optical  damaging  with  two  consecutive  fs-pulses  we  used  an  Mach-Zehnder-type  interferometer 
setup  to  split  and  to  combine  coaxially  two  fs-pulses  of  perpendicular  polarizations.4  Microstructuring  of  transparent 
dielectric  materials  by  fs-pulses  using  simple  plano-convex  lens  focusing  requires  typically  20  -  200  /xJ/pulse  energies, 
while  the  microstructuring  in  the  microscope  needs  just  10  -  100  nJ/pulse.  More  details  on  the  setup  can  be  found 
elsewhere.1  We  used  silica  (purified  to  have  OH  and  Cl  contamination  lower  than  100  ppm)  and  boroeilicate  gW 
BK7  for  our  experiments. 

Spectral  characterization  of  light  emission  from  the  irradiation  spot  (Fig.  1)  observed  at  fluencies  below  and  above 
that  of  dielectric  breakdown  was  carried  out  by  Onel  spectrometer,  which  was  set  to  a  side  port  of  a  microscope.  In 
such  a  geometry  (Fig.  1),  the  window  for  spectral  observation  was  limited  by  the  transmission  of  a  dichroic  mirror 
in  the  microscope  (spectral  profile  is  given  in  Fig.  2).  Structural  modifications  of  exposed  glass  were  tested  by  their 
response  to  wet  etching  in  BHF  (49%HF  with  100%NH4F)  water  solutions. 

3.  RESULTS  AND  DISCUSSION 

In  this  section  we  will,  first,  explore  the  possibility  of  microstructuring  of  silica  at  the  irradiation  intensities,  which 
correspond  to  a  free  carrier  plasma  density  N^/A,  second,  we  will  compare  surface  ablation  with  3D  optical  damaging 
by  the  fabricated  damage  sizes,  and,  third,  we  will  introduce  a  novel  mechanism  of  microstructuring  of  glass  by  an 
ablation  front,  which  was  scanned  into  the  bulk  of  sample,  the  “plasma  spark”  method.  Fabricated  channels  were 
characterized  by  optical  cross-polarized  imaging  and  wet  etching. 

3.1.  Generation  of  3/2-frequency  during  dielectric  breakdown 

In  order  to  reduce  cost  of  fs-fabrication  the  attempts  are  made  to  decrease  the  LIDT  of  fabrication  by,  either, 
modification  of  glass  by  the  doping  of  absorptive  agents5  or  by  quasi-cw  exposure  to  fs  pulses  as  it  was  demonstrated  in 
the  case  of  a  waveguide  recording  in  silica.  The  motivation  is  to  avoid  the  use  of  regenerative  amplifier,  which  increases 
the  cost  and  complexity  of  microfabrication  setup.  This  prompted  us  to  examine  the  possibility  to  microstructure 
glass  by  irradiation,  which  correspond  to  the  free  earner  plasma  densities  less  than  Ncr.  If  such  a  microstructuring 
would  be  possible,  the  measurement  of  light  emission  spectrum  observed  during  dielectric  breakdown  (or  at  a  fluence 
below  it)  is  expected  to  be  a  good  tool  to  evaluate  the  density  of  electrons  in  plasma.  Indeed,  the  presence  of,  so 
called,  3/2u>  frequency  should  indicate  the  free  carrier  density  of  just  Ncr/ 4. 
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Figure  2.  (a)  Radiation  spectra  observed  during  an  optical  breakdown  of  silica  by  sub-ps  pulses  at  different 

fluencies  (background  subtracted):  by  one  pulse  of  0.5 LIDT  (1),  at  damaging  by  the  two  pulses  separated  by  30  ps 
LIDT(2)  =  0.7xLIDT+0.2xLIDT  (2),  and  by  one  pulse  at  1  LIDT  (3).  The  transmission  spectrum  of  microscope 
is  given  by  a  gray  profile  (right  axis).  Optical  damage  was  made  inside  silica,  pulse  duration  at  the  irradiation  point 
was  0.35  ps  for  one-pulse  and  0.45  ps  for  two-pulses  irradiation,  the  wavelength  795  nm. 

(b)  Spectra  of  light,  omission  of  optical  breakdown  from  a  focal  point  in  silica  at  different  fe-irradiation  fluencies  at 
800  nm  wavelength.  The  emission  at  3/2oj  (around  530  nm)  is  shown  by  arrow.  Spectral  profile  of  registration  path 
in  microscope  is  given  on  the  right  axis. 


Strictly  speaking  the  light,  emission  below  and  above  LIDT  should  be  distinguished.  At  lower  fluencies,  below 
the  LIDT,  the  emission  is  called  white  light  continuum  (WLC)  or  super-continuum(ps6’7;  fs8’9),  while  at  a  dielectric 
breakdown  the  emission  is  caused  by  thermal  plasma  radiation  (PR).  Phenomenon  of  WLC  can  occur  in  a  wide 
variety  of  transparent  condensed  media8’10  and  in  gases.9  The  general  characteristics  of  the  femtosecond  continuum 
are  as  follows:  its  spectral  width  depends  on  the  medium  in  which  is  generated,11  its  spectrum  is  modulated,6 
its  polarization  is  in  the  same  direction  as  the  polarization  of  the  input  pulse,11  and  its  anti-Stokes  frequency 
components  lag  temporally  its  Stokes  components.8’12  The  fs-continuum  exhibits  a  smaller  beam  divergence  than 
the  ps-continuum  9  It  is  found  that  its  anomalous  divergence  does  not  imply  the  absence  of  strong  self-focusing  but 
is  rather  due  to  a  self-guiding  mechanism  that  involves  the  Kerr  effect. 

Especially  intriguing  is  the  mechanism  that  determines  it’s  spectral  width.  Among  the  various  mechanisms  that 
have  been  suggested  so  far,  we  find  self-phase  modulation  (SPM), 6,8,13  ionization-enhanced  SPM,14  and  four-wave 
mixing.6,15  It  is  at  present  generally  believed  that  the  main  mechanism  in  fs-continuum  generation  is  SPM  enhanced 
by  self-steepening  of  the  pulse.7,13  A  shortcoming  of  this  model  is  its  prediction  of  a  broader  continuum  in  media 
with  higher  Kerr  nonlinearity,  a  trend  that  is  not  observed7  (the  bandgap  dependence  dominates  -  large  bandgap 
implies  lower  Kerr  effect). 

Experiments  have  shown  that  the  power  threshold  for  continuum  generation  coincides  with  the  calculated  critical 
power  for  self-focusing  9,16  This  is  not  surprising,  considering  that  the  onset  of  catastrophic  self-focusing  at  critical 
power  leads  to  a  drastic  increase  in  intensity,  which  can  enhance  SPM.  This  coincidence  also  suggests  an  intimate 
connection  between  the  WLC  and  the  mechanism  that  stops  catastrophic  self-focusing.  Such  a  connection  was 
first  proposed  by  Bloembergen14  to  explain  the  ps-continuum.  In  his  model,  self-focusing  is  stopped  by  avalanche 
ionization;  the  appearance  of  free  electrons  enhances  SPM  and  results  in  the  continuum.  A  similar  mechanism  can 
be  envisaged  for  fs-continuum  generation  in  condensed  media.  In  this  case,  an  important  mechanism  of  free-electron 
generation  is  multiphoton  excitation  (MPE).17 

Figure  2  shows  light  emission  collected  from  an  irradiation  spot  inside  silica  at  different  fluencies  (setup  of 
experiment  is  given  in  Fig.  1).  Transmission  window  of  the  microscope  optics  is  given  in  (Fig.  2(a))  and,  in  fact, 
was  limiting  spectrally  the  emission,  which  was  extending  from  UV-to-IR18  under  the  direct  measurement  (not  in 
microscope).  An  interesting  result  was  that  at  the  fluence  of  0.5 LIDT  the  emission  band  around  470  nm  was 
present.  However,  at  the  lower  fluencies  no  WLC  emission  was  observed  in  one  or  two-pulse  experiments  (for  a  time 
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Figure  3.  (a)  Geometry  of  electron-ion  collision.  The  impact  distance  is  6,  the  right  angle  scattering  length  is  690. 
(b)  Approximate  spectral  extent  of  bremsstrahlung  vs.  free  electron  temperature  for  linear  (1,  3,  5)  and  parabolic 
(S,  4,  6)  electron-ion  collisions.  The  impact  distance  expressed  in  Si-0  bond  length  is:  6=1  (1,  2),  0.34  -  (3,  4), 
and  3  -  (5,  6).  The  line  7  marks  the  frequency  where  spectra  due  to  linear  collisions  is  overridden  by  that  from 
parabolic  ones.  The  gray  region  marks  the  main  spectral  content  of  radiation  at  impact  distance  6=1. 


separation  between  pulses  0-20  ps).  This  implies  that  microstructuring  at  fluencies,  which  correspond  to  a  free  carrier 
concentration  (FCC)  below  N„  is  not  possible. 

Only  at  extremely  high  fluencies  over  9LIDT  we  detected  a  weak  emission  of  (3/2)u>  (Fig.  2(b)).  Spectra  in 
2(b)  numerically  deconvoluted  from  the  transmission  profile  of  microscope  transmission  (curve  4)-  This 
emission  is  a  signature  of  parametric  instability,  known  as  3/2-frequency  generation  or  two-plasmon  decay  (TPD).19 
This  laser  plasma  instability  occurs  at  a  quarter  critical  density  N  =  Nec/ 4,  which  corresponds  to  the  plasma  wave 
at  a  plasmon  frequency,  wp  =  w/2,  where  u>  is  the  cyclic  frequency  of  laser  irradiation.  The  impulse  of  the  laser 
light  scattered  from  such  a  plasma  excitation,  k»,  can  be  matched  by  two  plasma  waves.  As  a  result  of  impulse 
matching  k,  =  kp  +  kp,  the  laser  scattered  light  will  possess  the  frequency  component  at  3a>/2.  Also,  the  higher 
harmonic  generation  at  half-harmonic  frequencies  u  =  (n+l)w  is  expected;  here  n  is  the  integer.  It  was  demonstrated 
that  (3/2)w  emission  has  a  threshold  at  1  x  1014  W/cm2  in  BK7  type  glass  (K8  in  Russian  nomenclature)  and  it 
depends  on  the  driving  pulse  intensity,  J„,  as  J(3/2)w  oc  4/2l?‘ f2,20  where  Te  is  the  electron  temperature  in  plasma. 
In  our  case  the  3u>/2  emission  corresponds  to  a  530  nm  wavelength  light,  which  was  submerged  into  the  broad 
emission  band,  the  origin  of  which  will  be  discussed  bellow.  Threshold  intensity  for  (3/2)w  emission  in  silica  we 
found  at  1.6  x  1014  W/cm2.  It  is  worth  to  note  that  the  0.1  PW/cm2  light  intensity  is  corresponding  to  the  electron 
quiver  (oscillating)  energy  of  6  eV  for  a  linear  polarization  at  0.8  /im  wavelength  according  to  the  following  scaling 
dependence21: 

£,«[eV]  -  9.3,1  +  (1) 

where  a  =  1  or  0  for  the  circular  and  linear  polarizations,  respectively.  Threshold  emission  at  (3/2) w  corresponds  to 
a  9.6  eV  quiver  energy,  which  almost  perfectly  coincides  with  the  bandgap  of  silica  at  9-10  eV. 

The  possible  explanation  of  spectrally  broad  radiation  can  be  understood  in  the  frame  of  a  free  moving  electron 
in  the  Coulomb  field  of  an  ion,  what  is  known  as  the  classical  bremsstrahlung  (German  word  for  “braking  radiation”). 
This  is  the  most  probable  source  of  light  emission  since  there  is  a  poor  compliance  of  silica  luminescence  bands  with 
experimentally  observed  spectra  during  optical  damage.  Spectrally  broad  XUV-to-infrared  radiation  is  expected 
from  a  free  electron  passing  the  ion  due  to  its  “braking”.  The  hyperbola  path  of  free  electron  in  spherical  coordinates 
r,0  is  given  by  formulas:22 


r  = 


h2 


690(1  +  e  cos  6)' 


690  = 


Ze2 


4rre0m*v2  ’ 


(2) 


where  6  is  the  impact  distance,  690  is  the  distance  at  6 - rr/2  scattering,  v  is  the  velocity  of  an  electron,  and  e  is 

the  eccentricity  (Fig.  3(a)).  The  bremsstrahlung  radiation  is  a  direct  consequence  of  an  acceleration  (or  deceleration) 
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of  charged  particle;  the  radiated  energy,  W,  per  unit  angular  frequency  is  given  by:22 


dW  _  e2 

du)  67T2£oC3 


2 


ve^dt 


(3) 


where  v  is  the  acceleration  of  an  electron.  Spectral  content  of  bremsstrahlung  depends  on  the  type  of  electron-ion 
collision  At  first,  let  us  consider  free-free  type  encounters,  where  the  incoming  electron  is  not  captured  into  an 
available  electronic  shell  of  an  ion  and  is  free  after  the  collision.  There  are  two  types  of  collisions:  the  linear  ones, 
when  b  «  690  and  the  parabolic  at  6  »  690,  here  690  is  the  electron-ion  distance  at  right  angle  scattering.  The  short 
wavelength  edge  of  spectra  for  these  two  types  of  collisions  is  plotted  in  Fig.  3(b)  for  the  different  impact  distance 
b  as  a  function  of  electron  energy.  The  value  of  b  is  expressed  in  terms  of  Si-0  bond  length  (1.62  A)  to  evaluate 
the  possible  radiation  spectrum  in  silica.  The  distance  of  0.34  x  1.62  A  is,  for  example,  the  distance  traveled  by  a 
free  electron  during  the  half  of  optical  cycle  at  795  nm  wavelength  (Fig.  3(b)  lines  3,4).  The  radiation  spectrum  at 
this  value  of  b  could  be  considered  as  a  light-induced  “friction”  of  an  electron  with  the  ion,  from  which  the  electron 
was  freed.  At  large  value  of  3  x  1.62  A  the  electron  is  moving  in  the  field  of  an  atom  from  the  neighboring  Si03 
tetrahedron.  Figure  3(b)  qualitatively  shows  the  extent  of  spectrum  expected  in  the  case  of  bremsstrahlung.  As  one 
can  see  the  most  blue-shifted  spectrum  is  expected  from  parabolic  collisions.  The  line  7  (Fig.  3(b))  demarks  the 
spectrum  caused  by  the  linear  collisions  from  that  of  parabolic  ones  and  is  given  by  v/b90-  At  the  electron  energies 
larger  than  1  eV  the  bremsstrahlung  is  expected  to  be  caused  mainly  by  parabolic  electron-ion  encounters  due  to  the 
increased  probability  of  inelastic  scattering  at  the  large  electron  energies. 

The  model  of  bremsstrahlung  radiation  qualitatively  well  explains  the  origin  of  continuum  (in  which  part  it  is 
applicable  to  WLC  and  PE  is  still  needs  investigation).  This  is  particularly  appealing  explanation  for  a  continuum 
emission  observed  from  the  focal  point  of  the  size  comparable  with  the  wavelength,  because  in  this  case  the  length 
of  light,  propagation  in  the  photomodified  region  is  extremely  small,  on  the  order  of  the  Rayleigh  distance,  and  there 
is  no  plausible  explanation  of  spectral  broadening  due  to  the  optical  nonlinear  effects  (e.  g.  self-phase  modulation 
(SPM)  the  longitudinal  Kerr  *(3)  effect),  which  could  explain  a  spectral  broadening  of  spectrum  up  to  UV  region  for 
the  laser  wavelength  of  795  nm  . 

Light  emission  during  optical  breakdown  has  a  number  of  components,  which  can  be  separated  by  their  time  decays 
and  characteristic  emission  bands.  For  example,  a  shock-compressed  lime-glass  at  110  GPa  has  ati  emission  peak 
at  490  nm,  which  corresponds  to  a  5700  K  temperature.23  One  could  expect  a  contribution  of  fractoluminescence 
(FL)24’25  to  a  radiation  spectrum  of  optical  damage  in  silica.  The  emission  band  at  650  nm  in  Fig.  2(a)  could  be 
actually  caused  by  the  FL  as  it  was  observed  in  similar  low-OH-content  silica.25  This  band  is  attributable  to  a  non- 
bridging  oxygen  hole  center  (NBOHC).  Typical  time  scale  of  FL  is  from  /is-to-ms.  Finally,  a  photo-luminescence  (PL) 
is  always  present  in  a  recorded  spectrum  of  optical  damage  and  can  be  distinguished  by  the  corresponding  bands. 
Usually,  a  long  lasting  PL  spectrum  of  glass  is  spectrally  similar  to  a  FL.  Apart  of  FL,  which  occurs  during  the  crack 
formation  and  propagation  as  a  result  of  recombination  of  excited  state  of  defects  or  atoms  (ions,  molecules),  the 
sonoluminescence26  (SL)  is  expected  to  occur  as  well.  This  is  a  “milder”  response  of  material  to  the  optically  driven 
shock  wave  propagating  in  solid  media.  The  cause  of  SL  is  the  recombination  of  separated  charges  during  dislocation 
movement.  Similar  mpr-Vianism  is  applicable  to  the  amorphous  material  such  as  silica  and  is  expected  to  occur  during 
the  dielectric  breakdown  induced  by  sub-ps  pulses.27  SL  might  originate  on  the  extended  area  as  compared  with 
the  size  of  focal  point  of  irradiation.  Spectral  form-factors  of  SL  and  FL  are  similar,  what  is  caused  by  their  origin 
on  the  recombination  of  charges  separated  on  the  defect  sites.  Also,  the  spiking  emission  from  the  atomic,  ionic,  and 
molecular  species  are  usually  present. 


3.2.  Power  dependence  of  laser  ablation  of  silica 

For  a  Gaussian  pulse/beam  the  ablation  threshold  can  be  determined  from  the  following  dependence: 

Ath  =  A0  exp  (-(D/w)2),  (4) 

where  D  is  the  diameter  of  crater,  w  is  the  diameter  of  beam  at  1/e-level,  and  Ath  with  Aq  stands  respectively  for 
t.V'TPghnld  and  amplitude  of  the  incident  light  expressed  in  terms  of  energy,  fluence  (energy  density),  or  intensity. 
Figure  4  shows  the  data  on  laser  ablation  plotted  along  with  predictions  calculated  by  eqn.  4.  The  diameter  of 
crater  measured  by  atomic  force  microscopy  (AFM)  was  found  following  eqn.  4  in  terms  of  fluence  (Fig.  4(b))  much 
better  than  in  terms  of  pulse  energy  (Fig.  4(a)).  It  was  found  that  surface  ablation  took  also  place  at  pulse  energies 
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Figure  4.  The  dependence  of  the  ablation  crater  diameter,  D,  on  incident  pulse  energy  (a)  and  fluence  (b)  for  an 
ablation  by  a  single  pulse  at  A  =  400  nm  (1 )  and  at  800  nm  (2).  Curves  3  and  4  are  plotted  by  eqn.  4  with  w  =  1.1A. 
Curve  5  depicts  an  in  situ  observable  LIDT  in  optical  transmission  microscope.  Curve  3  in  (b)  was  plotted  by  eqn.  4 
with  w  =  0.92A.  The  values  of  D  were  measured  by  AFM. 

(c)  Axial  ( 1)  and  lateral  (2)  lengths  of  a  voxel  (an  optical  damage  site)  evaluated  from  optical  microscopy  (diffraction 
limit  subtracted).  Line  3  depicts  a  dependence  Length  oc  Energy 2.  Curves  are  plotted  to  guide  the  eye. 


lower  than  the  detection  limit  in  microscope  observation,  which  is  given  by  line5  in  Fig.  4(a).  The  fact  that  the 
damage  fluence  for  D  =  0.1  -  0.4  ym  was  slightly  larger  at  A  =  400  nm  than  that  at  800  nm  can  be  explained  by 
the  established  dependence  for  surface  damage  intensity  /^mape  oc  1  /y/ Spot  Area.26  This  dependence  describes, 
in  fact,  the  importance  of  diffraction  losses  in  the  case  of  tight  focusing  into  spot  size  with  diameter  close  to  A. 
Recently,  we  reported  similar  LIDT  dependence  for  an  in-volume  microstructuring  of  silica29  found  at  tight  focusing 
by  N A  =  1.35  objective  lens,  when  the  wavelength  of  fs  pulses  was  changed  from  400  nm  to  800  nm. 

We  imaged  the  voxel  (an  optical  damage  site)  in  an  optical  microscope  and  the  axial  and  lateral  sizes  were  found 
not  obeying  eqn.  4  (Fig.  4(c)),  as  it  was  in  the  case  of  surface  ablation  (Fig.  4(a-b)).  Instead,  the  axial  length 
was  found  following  oc  Energy 2  dependence  for  the  voxels  fabricated  by  an  objective  lens  with  NA  =  1.35  till  the 
cracking  point  marked  by  a  boxed  region  in  Fig.  4(c).  The  lateral  size  was  not  considerably  changing  with  the  pulse 
energy.  Figure  4(c)  shows  data  presented  in  the  form  comparable  with  the  surface  ablation  given  in  Fig.  4(a-b). 
This  observation  can  be  explained  by  the  focal  intensity  distribution  of  a  Gaussian  pulse,  which  decays  laterally  as 
exp  (—radius),  while  axially  as  z-2,  where  z  is  the  distance  from  the  focus.  This  eventually  defines  a  focal  region  as 
a  cylinder,  what  was  observed  experimentally  examining  voxels. 

This  shows  that  the  spatial  intensity  distribution  of  the  pulse  are  defining  the  feature  sizes  in  both  surface  ablation 
and  3D  microstructuring. 

3.3.  3D  fabrication  by  ablation:  the  “plasma  spark”  method 

Here  we  introduce  a  new  method  of  microstructuring  of  transparent  solid  materials  by  fs  pulses.  Fs-pulses  are  focused 
on  the  exit  plane  of  the  sample  using  plano-convex  lens  of  focal  length  /  =  20  - 100  mm.  The  amplitude  of  the  electric 
field,  E,  on  the  exit  plane  is  larger  by  a  factor  2n/(n  + 1)  as  that  on  the  entrance  plane,  here  n  is  the  refractive  index 
of  sample.  If  we  disregard  the  absorption  and  reflection  of  the  sample,  which  is  low  for  transparent  dielectrics  in 
visible-to-near-infrarred  spectral  region,  the  enhancement  up  to  20%  can  be  obtained  for  typical  glasses  (silica-based 
or  polymers)  with  n  =  1.5.  The  nature  of  enhancement  is  in  the  phase  of  reflected  light,  which  undergo  a  phase  shift 
of  7 r  for  the  entrance  plane,  since  the  light  travels  from  the  lower  into  the  higher  refractive  index  material.  At  the 
exit  plane,  there  is  no  phase  shift.  This  causes  the  total  El-field  at  the  entrance  surface  to  be,  usually,  lower  than 
that  on  the  exit.  When  the  intensity  of  ablation  at  the  rear  plane  is  reached,  the  ablation  plume  is  visible  (Fig.  5). 
The  ablation  front  was  scanned  slowly,  typically  at  5-20  y m/s  inside  the  sample.  This  fabrication  could  be  called 
microstructuring  by  “plasma  spark” . 

This  method  is  different  from  microstructuring  by  self-focusing,30  where  the  waist  of  the  beam  is  at  the  entrance 
surface.  Moreover,  self-focusing  would  not  allow  to  make  microstructuring  just  a  the  surface,  since  a  close  presence 
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Figure  5.  (a)  Series  of  images  (1-7)  during  “plasma  spark”  scanning  throughout  a  1.8  cm  thick  BK7  glass  sample. 
Image  1  correspond  to  a  focus  location  (pointed  to  by  an  arrow)  just  beneath  the  exit  plane  (a  starting  point  for 
fabrication);  2  -  at  the  exit  and  entrance  planes,  respectively,  (b)  Fabricated  channel  was  imaged  in  the  scattering 
light  of  introduced  laser  beam  at  532  nm.  (c)  Image  of  the  coloration  of  glass  along  the  fabricated  channel,  (d) 
Close-up  look  at  the  coloration  region  of  channel. 


of  the  boundary  disturbs  the  necessary  conditions  for  self-focusing  as  we  found  in  our  experiments. 

We  applied  this  principle  for  a  large-scale  (101  -  104  pm)  3D  microfabrication  of  borosilicate  glass,  technical 
grade  of  BK7.  The  fabrication  of  a  channel  was  photographed  and  is  shown  in  Fig.  5(a).  Series  1  — ►  7  of  images 
shows  the  translation  of  a  “plasma  spark”,  which  location  is  pointed  to  by  an  arrow.  The  bluish  light  emission  at 
~  365  nm  observed  to  the  left  of  an  arrow  (Fig.  5(a))  is  caused  by  photoluminescence  (PL)  of  L-centers,  which  defines 
an  absorption  edge  of  silicate  glasses  at  213  nm  (5.8  eV).31  This  type  of  PL  emission  is  only  present  for  an  intrinsic 
absorption  of  glass.  Orange  light  seen  to  the  right  of  arrows  (Fig.  5(a))  is  a  signature  of  the  light,  caused  by  a  “plasma 
spark”,  which  was  scattered  on  the  walls  of  the  just  fabricated  micro-channel.  Similar  results  of  microfabrication 
were  obtained  in  the  case  of  plastic  acrylic  glass. 

An  post-fabrication  observation  showed  that  a  channel  of  80  -  100  pm  in  diameter  was  fabricated  throughout 
almost  2  cm  length  of  glass  as  shown  in  Fig.  5(b).  Coloration  of  BK7  glass  along  the  channel  was  clearly  seen 
(Fig.  5(c-d)).  This  type  of  color  center  formation  with  absorption  bands  centered  at  310  nm  (4.0  eV),  440  nm 
(2.82  eV),  and  640  nm  (1.94  eV)  is  known  to  appear  only  at  exposures  to  a  fight  corresponding  to  the  bandgap  or 
shorter  wavelengths  absorption  (including  ionizing  7-/  and  X-rays),  also,  to  the  absorption  of  high  energy  particles 
(electrons,  neutrons,  a-particles).  These  color  centers  can  be  annealed  at  100  —  200°C  (a  coloration  disappears). 

It  was  found  that  the  optically  damaged  regions  in  borosilicate  glass  BK7  are  etched  much  slower  in  BHF  solution. 
This  is,  most  probably,  caused  by  the  densification  of  glass  around  the  channel.  Even  a  presence  of  the  defects,  which 
had  caused  the  coloration  of  glass,  was  not  in  favor  of  faster  etching.  However  in  pure  silica,  the  etching  contrast  of 
optically  damaged  and  fresh  silica  was  such,  that  the  3D-channel  fabrication  was  possible  as  we  reported  earlier.32 
The  Hiffprenra  could  be  explained  by  the  internal  stress  distribution  around  the  damaged  spots  as  presented  in  Fig.  6 
by  cross-polarized  imaging  along  the  channel.  The  stress  was  found  highly  localized  around  the  channel  in  pure 
silica  and  was  distributed  much  wider  in  the  case  of  borosilicate  glass.  Further  studies  are  planned  to  elucidate  this 
mechanism. 

Presence  of  densification  under  optical  damaging  with  fs-pulses  was  also  infered  from  Raman  scattering  data.  To 
asspss  the  structural  modifications  of  silica  the  Raman  spectrum  was  measured  from  a  sample  optically  damaged  by 
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Figure  6.  Cross-polarized  and  transmission  images  of  optically  damaged  channels  in  silica  ( Sumitomo )  and  borosil- 
icate  slide  glass  ( Matsunami ).  Focusing  was  made  on  the  exit  plane  using  a  plano-convex  lens  with  focal  length  of 
/  =  25  mm.  Then,  the  ablation  plasma  was  transferred  into  the  sample  by  translation  along  the  beam  propagation 
with  approximate  velocity  of  0.2  mm/s.  Laser  power  was  280  mW  at  1  kHz  repetition  rate.  The  wavelength  was 
800  nm. 


Frequency  (1/cm) 


Figure  7.  Raman  spectra  of  silica  before  (1  for  VH  and  2  for  W  polarization)  and  after  (5  VH-pol.)  optical 
damaging.  Fluorescence  background  subtracted. 


a  single  shot  irradiation  per  voxel.  Four  layers  of  voxels  with  an  average  inter-voxel  distance  of  3  fim  was  recorded 
in  a  150  /rm-thick  silica  plate  on  the  area  of  4  x  4  mm2.  The  spectra  from  damaged  and  fresh  material  are  plotted 
in  Fig.  7  (W  and  VH  denotes  vertical-vertical  and  vertical-horizontal  polarizations  of  illumination-detection  setup, 
respectively).  The  band  D\  at  495  cm  1  is  related  to  the  regular  puckered  4-ring  structure  vibrations  and  the 
band  at  606  cm  *  is  due  to  planar  3-ring  vibrations,  and  800  cm-1  band  is  due  to  collective,  network,  vibrations.®® 
One  can  see,  that  the  4-ring  structure  vibrations  have  been  decreased  in  intensity  by  a  factor  of  1.47  in  comparison 
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with  those  of  3-membered  rings,  while  the  network  vibrations  were  left  almost  unchanged.  This  points  out  that  the 
bond  breaking  was  taking  place  during  optical  damaging  in  favor  of  more  dense  3-membered  ring  structures. 

In  the  case  of  silica,  the  LIDT  energy  for  3D  microstructuring  was  24  nJ  at  a  50  /xm  depth.  We  can  evaluate  the 
corresponding  total  Si-0  bond  energy  stored  in  the  irradiated  volume.  Si-0  bond  energy  is  432  kJ/mol  and  mass 
density  of  silica  is  2.2  g/cm2.  The  volume  of  focus  can  be  approximated  by  the  volume  of  cylinder,  which  height  is 
twice  the  Rayleigh  length,  2 z0,  and  the  radius  of  a  base  is  the  waist  of  the  beam  w0.  This  gives  the  energy  stored  in 
Si-0  bonding  in  the  focal  region  to  be  7.6  nJ.  It  means,  when  the  chemical  bonding  energy  comprises  29%  of  that 
in  the  light,  field,  the  LIDT  is  reached  in  silica.  This  is  just  a  bit  larger  than  the  Lindeman  melting  criterion,  x.  For 
the  most  of  materials  0.20  <  x  <  0.25,  what  means  that  the  melting  starts  when  the  time  average  deviation  of  an 
atom’s  position  in  respect  to  its  equilibrium  state  comprises  a  value  x  of  the  interatomic  distance. 


4.  CONCLUSIONS 

We  found  that  emission  of  3/2 u>  radiation  was  observed  in  silica  at  irradiation  intensity  higher  than  1.6  x  1014W/cm2. 
Spectrally  broad  band  emission  observed  at  fluencies  around  optical  breakdown  can  be  qualitatively  explained  by 
classical  bremsstrahlung.  Large  scale  mm-to-cm  3D  microstructuring  of  transparent  materials  can  be  achieved  by 
using  a  novel,  “plasma  spark”  method,  which  was  successefully  applied  for  microstructuring  of  silica,  borosilicate, 
and  acrylic  glasses. 
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ABSTRACT 

We  performed  ablation  studies  on  multi-layer  systems  at  different  wavelength  -  pulse  duration  combinations.  The 
multi-layer  systems  of  interest,  150  nm  thin  indium  tin  oxide  (ITO),  200  nm  thin  polyaniline  (PANI)  on  1  pm  thick 
photo  resist,  and  280  nm  PPV/pedot  layer-combination  on  150  nm  thin  ITO  are  optically  transparent  and  used  for  a 
variety  of  industrial  applications.  One  important  goal  of  the  study  was  to  determine  the  possible  process  window  for  a 
complete  removal  of  only  the  top  layer,  leaving  the  remaining  layer  basically  unharmed.  The  investigations  were 
conducted  with  the  following  wavelength  -  pulse  duration  combinations:  800  nm  and  180  fs,  800  nm  and  5  ps,  266  nm 
and  150  fs,  266  nm  and  5  ns,  532  nm  and  5  ns.  We  generated  micro  dots,  lines  and  areas  to  determine  the  damage 
threshold,  the  processing  quality  and  the  processing  speed  for  the  specified  application  of  selective  layer  removal.  The 
structures  were  analyzed  by  means  of  optical  and  atomic  force  microscopy.  In  some  cases,  we  observed  a  strong  pulse 
duration  dependence  in  the  ablation  threshold,  an  indication  for  the  observed  difficulties  using  laser  pulses  in  the  ns 
range.  Comparative  studies  at  different  wavelengths  demonstrate  that  laser  pulses  in  the  UV  are  not  necessarily  always 
a  first  choice  to  achieve  a  precise  removal  of  the  optically  transparent  top  layer. 

Keywords:  laser  processing,  damage  threshold,  ultra-short  pulses,  multi-layer,  transparent  thin  films 


1.  INTRODUCTION 

Micro-structuring  of  transparent  conductive  materials,  such  as  thin  indium  tin  oxide  (ITO)  films,  is  generally  carried  out 
by  wet  etching,  requiring  photolithography.  As  a  parallel  process,  wet  etching  offers  high  process  yields.  However,  the 
performance  of  wet  etching  critically  depends  on  the  properties  of  the  material  to  be  etched,  i.e.  crystallinity  and 
microstructure.  This  imposes  stringent  limitations,  which  are  enhanced  for  multi-layer  systems,  where  only  the  top  layer 
should  be  processed.  Plasma  etching  also  demonstrates  similar  disadvantageous  in  these  cases.  Therefore,  direct-write 
laser  patterning  without  the  need  of  photolithography  may  offer  an  alternative  and/or  complementary  solution.  ’ 

The  availability  of  ultra  short,  sub-ps,  pulsed  lasers  has  stimulated  a  growing  interest  in  exploiting  the  enhanced 
flexibility  of  femtosecond  technology  for  micro-machining.  Ultra  short  laser  pulses  offer  a  variety  of  advantages  for 
precision  micro-fabrication.  Due  to  lower  energetic  thresholds  for  sub-picosecond  ablation  and  the  controllability  of 
individual  laser  pulses  (e.g.  by  laser  pulse  duration)  the  amount  of  energy  deposited  into  the  processed  sample  can  be 
minimized  and  highly  localized.  This  leads  to  a  reduction  of  unwanted  thermal  effects,  a  minimization  of  energy 
diffusion,  that  may  be  exploited  for  the  selective  removal  of  thin  transparent  films.  Main  goal  of  this  study  is  to 
determine  possible  wavelength  and  pulse  duration  dependencies  at  laser  processing  of  three  different  model  systems  of 
transparent  thin  films  This  included  a  first-time  determination  of  a  laser  process  window  for  PANI  on  photo-resist  and 
PPV/pedot  on  ITO. 
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2.  EXPERIMENT 


The  experimental  setup  for  the  investigations  on  laser  processing  of  three  transparent  multi-layer  systems  (I-III)  is 
shown  schematically  in  Figure  la  and  lb.  Table  1  compiles  the  laser  parameters  of  the  laser  systems  (A-E)  and  optical 
configurations  used  in  the  experiments.  In  order  to  vary  the  pulse  energy  on  the  target  different  methods  have  been 
chosen.  In  the  case  of  system  A  and  B  the  variation  was  accomplished  by  means  of  an  attenuator.  To  reduce  the  pulse 
energy  of  system  C  the  frequency  triplication  crystal  was  detuned.  For  the  matter  of  system  D  neutral  density  filters 
were  positioned  in  the  beam  path  to  reduce  the  irradiation  of  the  target.  In  the  case  of  system  E  a  change  of  the  q-switch 
delay  setting  lead  to  a  variation  of  the  pulse  energy.  The  shutter  was  used  for  single  laser  shot  control,  i.e.  A  on  1 
damage  threshold  studies,  where  N  specifies  the  number  of  shots  placed  on  the  same  spot  under  identical  conditions  at  a 
repetition  rate  of  1-10  Hz.  Best  form  fused  silica  lenses  with  a  focal  length  of  either  75  and  150  mm  (see  Table  1) 
focused  the  laser  beam  on  the  multi-layer  samples,  that  are  specified  in  Fig.  lb.  In  addition,  the  low-power  cw  He-Ne 
laser  light  illuminated  the  region  of  interest  on  the  sample  to  monitor  possible  changes  in  surface  roughness  during  the 
(multi)  pulsed  processing.  In  situ  inspection  was  achieved  by  enlarged  visualization  of  the  (pulsed  laser  activated) 
surface  by  combination  of  far  field  microscope,  CCD-camera  and  video  monitor.  This  allowed  for  an  on-line  estimation 
of  the  damage  threshold,  which  were  determined  with  higher  precision  using  ex  situ  methods,  as  discussed  in  the  next 
section. 
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Fig.  1:  a)  Schematic  illustration  of  the  experimental  set-up  for  the  laser 
structuring  studies  on  transparent  multiplayer  samples  with  stray-light 
monitoring  of  the  sample  surface  with  a  far  field  microscope  device.  The 
dielectric  mirrors  were  chosen  appropriately  for  the  different  wavelengths 
800  nm,  532  nm  and  266  nm,  in  connection  with  the  laser  systems  used  (see 
also  Table  1). 
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Fig.  1:  b)  Schematic 
illustration  of  the  three 
different  multi-layer 

systems  (sample  type  I-III) 
on  glass  substrate. 


The  samples,  schematically  depicted  in  Fig.  lb,  are  I:  150  nm  thin  indium  tin  oxide  (ITO)  on  0.7  mm  float  glass,  II: 
200  nm  thin  polyaniline  (PANI)  on  1  pm  thick  photo-resist  (HPR504)  on  1.1  mm  thick  glass  wafer,  and  HI:  80  nm  PPV 
on  200  nm  pedot  on  150  nm  ITO  on  0.7  mm  float  glass.  The  sample  fabrication  was  supervised  and  characterized  at  the 
Philips  Centre  for  Industrial  Technology. 

The  technical  importance  and  electrical  properties  of  these  layers  will  be  not  discussed  in  the  frame  of  this  paper.  We 
focus  our  study  primary  on  the  principle  questions  concerning  laser  processing  and  selective  removal  of  transparent  thin 
layers,  using  samples  I-III  as  model  systems.  The  optical  properties,  specifically  reflectivity  and  transmission,  of  our 
single  and  multi-layer  samples  were  determined  experimentally  between  250  and  llOOnm  using  a  Perkin  Elmer 
UV/VIS  spectrometer  Lambda  12.  In  order  to  determine  the  reflectivity  the  samples  were  illuminated  under  an  angle  of 
8  degrees.  The  reflected  light  was  integrated  in  an  Ulbricht  ball.  The  amount  of  the  reflected  light  was  compared  to  a 
reference  measurement  carried  out  with  a  labsphere  SPS-99-010  reference  plate.  In  order  to  get  absolute  reflection 
values  the  relative  reflection  values  were  multiplied  with  the  known  reflection  spectrum  of  the  reference  plate.  Table  2 
compiles  the  reflectivity  R  and  the  calculated  absorption  A  each  for  the  glass  substrate,  ITO  on  glass,  PANI  on  glass, 
photo-resist  on  glass,  and  finally  PPV/pedot  on  ITO  on  glass  for  the  UV,  green  and  IR  light  used  in  our  experiments. 
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Following  interesting  notes  can  be  made  based  on  the  results  in  Table  2,  which  is  of  importance  for  the  further 

discussion  in  section  3: 

•  ITO  on  glass  demonstrates  a  pronounced  increase  in  linear  absorption  from  532  to  800  nm,  especially  compared 
to  the  glass  substrate  alone. 

•  PPV/pedot  on  ITO  on  glass  shows  a  significant  absorption  at  532  nm  and  800  nm,  compared  to  ITO  on  glass, 
where  at  532  nm  the  layer  can  be  characterized  as  transparent. 

•  PANI  on  glass  has  a  high  absorption  of  55  %  at  800  nm  compared  to  photo-resist  on  glass  of  <  1  %  (no 
significant  change  to  glass  substrate  alone).  The  difference  in  absorption  for  the  PANI  on  glass  compared  to 
photo-resist  on  glass  is  less  dramatic  at  532  nm.  At  266  nm  the  situation  is  practically  identical  for  both  layer 
systems  (and  for  the  glass  substrate). 


system  A 

system  B 

system  C 

system  D 

system  E 

laser 

Oscillator:  Spectra  Physics 
Ampilfier:  Quantronix 

Multi  pass 
amp.** 

Continuum  I- 10 

laser  type 

Ti:Sapphire 

Ti:Sapphire 

Ti:Sapphire 

freq.  doubled 
Nd:YAG 

freq.  quadr. 
Nd:YAG 

wavelength  [nm] 

800 

800 

266 

532 

266 

pulse  duration 

180  fs 

5.1  ps 

150  fs 

5  ns 

5  ns 

pulse  repetition 
rate  [Hz] 

100* 

100* 

10 

10 

10 

Applied  single 
pulse  energy  [pJ] 

<3.6* 

<  12.6* 

<10 

<400 

<90 

focal  length  [mm] 

75 

75 

150 

150 

150 

1/e2  focus  size 
[pm] 

29x39 

elliptical 

29x39 

elliptical 

59x118 

elliptical 

140x171 

elliptical 

68x86 

elliptical 

measured  beam 
size  on  target 
rpm2] 

880  ±80 

880  ±  80 

5500  +  500 

19000+1000 

4700  +  300 

depth  of  focus 

» thickness  of  multi-layer  stack 

*  used  in  the  experiment:  alternatively  1  mJ/pulse  at  1  kHz  is  possible 
**  developed  at  the  Max  Bom  Institute,  Berlin,  Germany 

Table  1:  Experimental  parameters  of  the  ultra-short  pulse  (system  A-C)  and  short  pulse  (system  D+E)  solid  state  lasers 


Choosing  the  adequate  wavelength  is  important  but  not  necessarily  sufficient  to  reach  a  satisfying  machining  result.  If 
the  thermal  penetration  depth  exceeds  the  layer  thickness  of  the  top  layer,  its  removal  may  also  lead  to  the  damage  of 
the  underlying  layers.  In  this  case  we  were  interested  if  shorter  pulses  might  offer  remedy.  Thanks  to  the  substantially 
smaller  thermal  penetration  depth  of  such  ultra  short  laser  pulses  there  is  a  potential,  that  even  layers  in  the  order  of  100 
nm  thickness  can  be  removed  at  high  quality.  The  peak  intensity  of  fs  laser  pulses  is  sufficient  to  induce  non-linear 
absorption  mechanisms  that  can  significantly  increase  the  density  of  free  electrons  up  to  a  critical  value  for  optical 
breakdown.  Material  that  is  ultimately  transparent  for  a  certain  wavelength  starts  absorbing  fs  pulsed  laser  radiation  at 
precisely  that  wavelength.  In  addition,  it  is  interesting  to  compare  the  processing  results  of  fs  laser  pulses  at  the 
wavelength  of  800  nm  and  at  266  nm  (UV),  to  determine  if  wavelength  dependencies  are  actually  less  significant  for 
ultra  short  laser  pulses,  as  often  claimed.  Utilizing  the  five  different  wavelength  -  pulse  duration  combination  we 
address  the  problem  of  precise  localization  of  laser  energy  and  the  influence  of  combined  linear  and  non-linear  channels 
of  photon  absorption  in  the  material. 
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glass  (1.1  mm) 

ITO  (150  nm) 
on  glass 
(1.1  mm) 

PPV/pedot 
(280  nm)  on 
ITO  (150  nm) 
on  glass 
(0.7  mm) 

PANI  (200 
nm)  on  glass 
(1.1  mm) 

photo-resist 
(1  pm)  on 
glass  (1.1)  mm 

wavelength 

R[%] 

A[%] 

R[%] 

A[%] 

R[%] 

A  [%] 

R[%] 

A  [%] 

R[%] 

A[%] 

266  nm 

10 

90 

40 

60 

10 

90 

10 

90 

15 

85 

532  nm 

8 

«1 

8 

<1 

18 

10 

7 

25 

7 

18 

800  nm 

8 

«1 

8 

7 

8 

18 

2 

55 

11 

<1 

“naked  eye” 
impression 

neutral, 

transparent 

very  light  grey, 
transparent 

light  yellow, 
transparent 

yellow-green,  transparent 
(PANI  on  photo-resist  on  glass) 

Table  2:  Optical  properties  compiled  for  different  single  and  multi-layer  systems  given  at  the  wavelengths  266,  532  and  800  nm  and 
compared  to  the  glass  substrate.  Also  compiled  is  the  “naked  eye”  impression  of  the  multi-layer  systems.  The  absorption  A  was 
calculated  using  following  equation:  A  =  100  -  R  -  T,  where  R  and  T  is  the  experimentally  obtained  reflectivity  and  transmission  in 
%,  respectively. 


3.  RESULTS  AND  DISCUSSION 

Characteristic  for  a  process  are  threshold  fluence  values  that  define  the  inception  of  a  certain  occurrence.  For  laser 

ablation  processes  the  most  important  threshold  values  are: 

•  A  visible  modification  or  roughening  on  the  surface  =  damage  threshold, 

•  Re-solidification  of  a  liquid  phase  =  melting  threshold,  and 

•  A  loss  of  material  inside  the  irradiated  region  =  ablation  threshold. 

When  functional  conductive  layers  are  structured  there  are  mainly  two  methods  to  judge  the  result  of  the  pattering 

process: 

•  Analyzing  the  surface  topography  of  the  irradiated  area  gives  information  on  the  geometrical  quality  of  the 
generated  structure.  The  ablation  depth  tells  whether  enough  material  been  removed.  The  bottom  roughness  of  the 
of  the  ablated  zone  related  to  the  structure  depth  as  well  as  the  amount  of  debris  lets  one  draw  conclusions  with 
regard  to  the  suitability  of  the  chosen  process  parameters. 

•  On  the  basis  of  local  electrical  resistance  measurements  it  can  be  determined  whether  the  patterned  sample  fulfills 
the  given  specifications. 

Within  this  study  only  the  surface  topography  of  the  laser  structured  patterns  has  been  inspected,  mainly  for  following 

reasons: 

•  The  resistance  between  two  points  separated  by  a  trench  depends  on  the  width  of  the  trench  and  on  how  thoroughly 
the  conductive  layer  has  been  removed.  A  high  resistance  requires  therefore  the  ability  to  remove  the  conducting 
layer  completely.  To  what  extend  this  has  been  achieved  can  be  determined  by  analyzing  the  shape  of  the  irradiated 
area. 

•  The  experiments  earned  out  served  mainly  to  determine  which  wavelength  -  pulse  duration  combinations  is  best 
suited  to  process  the  three  sample  layer  systems.  Based  on  the  findings  further  experiments  planed  will  determine 
the  capability  of  the  laser  structuring  process  of  the  most  promising  wavelength  -  pulse  duration  combination  based 
on  functional  design  and  performance. 
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Three  inspection  techniques  have  been  applied  in  order  to  analyze  the  topography  of  the  processed  samples.  To  get  an 
overview  which  parameter  settings  resulted  in  a  modification  or  (partial)  ablation  of  the  targets  they  have  been  visually 
inspected  with  an  optical  microscope.  For  further  information  with  regard  to  the  topography  of  the  irradiated  spots 
atomic  force  microscope  scans  have  been  made  for  selected  structures.  This  technique  is  appropriate  for  micro 
structures  with  lateral  dimensions  in  the  order  of  several  |J.m.  To  get  a  broader  view  on  the  machining  results,  the  laser 
processed  areas  of  300pm  x  300pm  have  been  scanned  with  an  optical  profiler. 

The  threshold  values  have  been  determined  by  surface  inspection  with  aid  of  optical  microscopy  and  atomic  force 
microscopy.  In  addition,  for  a  number  of  processed  pockets  at  different  laser  fluence  above  the  obvious  threshold  we 
determined  the  modified  area.  The  size  of  the  (visible)  modification  should  follow  the  laser  intensity  distribution, 
provided  the  threshold  level  remains  constant.  A  semi-logarithmic  plot  of  the  modified  area  versus  laser  fluence  leads  to 
an  expected  linear  dependency  for  a  Gaussian  spatial  intensity  profile  on  the  surface  (at  least  for  laser  shot  numbers  N  < 
20  -  30  and  at  modest  fluence  above  threshold).  The  intersection  of  the  linear  fit  with  the  energy  axis  yields  threshold 
values  that  were  in  all  cases  in  the  expected  fluence  interval  from  former  in  situ  stray  light  observations  and  rigorous  ex 
situ  microscopic  inspections.3'4  Table  3  compiles  the  single  and  multiple-shot  damage  threshold  values  in  mJ/cm  for 
the  three  different  multi-layer  samples  at  the  five  wavelength  -  pulse  duration  combinations.  The  characteristic 
threshold  results  of  the  individual  multi-layer  cases  and  possible  implications  for  industrial  processing  are  discussed  in 
the  following  sub-sections  3.1  to  3.3. 


damage  threshold  [mJ/cm2] 

I:  ITO 

II:  PANI  on  photo-resist 

HI:  PPV/pedot  on  ITO 

wavelength  /  pulse 
duration  combination 

N  =  1000 

II 

h— ‘ 

H 

© 

§ 

532  nm  /  5  ns 

680  ±50 

480  ±50 

150  ±35 

120  ±35 

200  ±50 

190  ±50 

266  nm  /  5  ns 

380  ±50 

330  ±50 

180  ±35 

150  ±35 

170  ±35 

90  ±35 

800  nm  /5  ps 

750  ±35 

550  ±35 

16  ±3 

14  ±3 

82  ±5 

82  ±5 

800  nm  /  0.2  ps 

235  ±25 

180  ±25 

16  ±3 

16  ±3 

51  ±5 

43  ±5 

266  nm  /  0.2  ps 

82  ±5 

60  ±5 

13  ±3 

10  ±2 

18  ±3 

11  ±3 

Table  3:  Single  (N=  1  laser  shot)  and  multiple  (#=1000  laser  shots  on  identical  area)  damage  threshold  for  the  top  layer  of  the  three 
different  multi-layer  systems:  I:  ITO  (on  glass),  II:  PANI  (on  photo-resist),  and  m:  PPV/Pedot  combination  (on  ITO  on  glass) 
determined  at  five  different  wavelength-pulse  duration  combinations 


3.1.  ITO  on  glass 

Comparing  the  damage  threshold  results  for  ITO  on  glass  at  800  nm  in  Table  3,  we  observe  an  at  least  3  fold  increase  in 
the  threshold  from  0.2  and  5  ps.  To  receive  a  better  impression  on  possible  pulse  duration  dependencies  at  laser 
wavelength  800  nm  we  performed  additional  threshold  studies  in  the  pulse  duration  interval  between  0.2  and  5ps.  Fig.  2 
illustrates  the  continuous  increase  in  threshold  with  increasing  pulse  duration,  a  tendency  observed  at  higher  fluence 
level  also  for  transparent  dielectrics,  e.g.  glass  or  fused  silica.5  Specifically  in  the  case  of  ITO  (on  glass),  the  results  in 
Fig.  2  may  be  explained  by  a  strong  optical  penetration  depth  due  to  the  minor  linear  absorption  coefficient  at  800  nm. 
Additional  localization  of  laser  energy  utilizing  non-linear  effects  such  as  multi-photon  absorption  is  more  efficient  at 
reduced  pulse  durations.  The  damage  threshold  for  ultra  short  laser  pulses  at  800  nm  is  below  one-third  of  that  for  the 
glass  substrate  (polished  and  uncoated).  This  ensures  a  wide  fluence  processing  window  for  the  removal  of  ITO  from 
tiie  glass  substrate.  When  we  compare  the  obtained  damage  threshold  values  for  all  of  the  5  selected  wavelength  -  pulse 
duration  combinations  the  following  can  be  concluded:  1.  for  all  chosen  material  combinations  the  threshold  fluence 
decreases  with  increasing  number  of  laser  pulses,  2.  the  threshold  fluence  decreases  with  the  laser  wavelength  within 
the  investigated  range,  and  3.  the  threshold  fluence  decreases  with  the  laser  pulse  duration  within  the  investigated  range. 
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Atomic  force  microscope  investigations  of  an  array  of  pockets  (or  spots)  -  machined  with  different  pulse  energies  and 
number  of  shots  using  180  fs  or  5  ps  pulses  at  a  wavelength  of  800  nm  -  show  the  following:  At  a  fluence  of  <  2  J/cm2 
the  first  shot  roughens  the  surface.  The  second  shot  initiates  the  ablation,  the  3ld-10th  shot  removes  the  remaining  ITO 
from  the  glass  surface.  From  AFM  profile  analysis  were  observe  linear  increase  of  ablated  volume  with  increasing 
fluence.  In  other  words  applying  ultra  short  laser  pulses  at  800  nm  enables  a  partial  removal  of  the  150  nm  thin  ITO 
layer,  and  this  highly  reproducible.  Fig.  3  depicts  an  AFM  analysis  of  ITO  on  glass  processed  with  ultra  short  laser 
pulses  at  800  nm.  The  fairly  well-defined  edges  of  the  resulting  150  nm  deep  pocket  (or  spot)  is  outlined  by  a  rim  with 
of  thin  wall  ca.  30  nm  high.  We  observe  even  a  slight  improvement  in  quality  using  sub-ps  laser  pulses  at  equal 
wavelength. 
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Fig.  2:  Single  and  multiple  shot  damage  threshold  for 
ITO  on  glass  at  800  nm  as  a  function  of  laser  pulse  width. 
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Fig.  3:  AFM  analysis  of  a  laser-induced  micro  pocket  after 
removal  ITO  layer  using  10  laser  pulses  at  the  wavelength  of 
800  nm,  the  pulse  width  of  3.6  ps  and  a  single  laser  pulse 
fluence  of  ca.  1  J/cm2.  The  depth  profile  in  the  cross  section 
(right)  illustrates  the  quality  of  removal. 


The  damage  threshold  for  ITO  on  glass  for  fs  laser  pulses  in  the  UV  is  much  lower  than  in  the  IR,  see  Table  3.  It  was 
expected  that  the  combined  linear  and  non-linear  increase  in  absorption  and,  hence,  theoretical  reduction  in  optical 
penetration  depth  could  improve  the  processing  quality.  For  ITO  on  glass,  however,  the  higher  intensity  stability  of  the 
ultra  short  laser  pulses  at  800  nm  proved  to  be  more  important  for  this  type  of  processing.  Concerning  the  ns  processing 
at  532  nm  and  266  ran,  in  both  cases  the  ITO  layer  could  be  removed  from  the  glass  substrate  without  damaging  the 
glass.  However,  at  ns  processing  we  observed  much  debris  around  the  processed  area.  Also,  the  rim  surrounding  the  ns 
laser  processed  pockets,  lines  and  areas  is  wider  and  higher,  therefore  of  poorer  quality  as  in  ultra  short  pulse  laser 
processing.  In  addition,  processing  at  266  nm  and  5  ns  more  care  has  to  be  taken  in  the  choice  of  laser  fluence  to  avoid 
any  multiple  shot  damage  of  the  glass  substrate.  The  fairly  low  threshold  at  266  nm  and  5  ns  compared  to  ultra  short 
laser  pulses  in  the  IR  may  be  explained  by  phonon  absorption  at  the  glass-ITO  interface,  contributing  to  a  thermal 
ablation  process.  This  can  be  underlined  by  the  fact  that  opposite  to  the  ultra  short  laser  pulses  at  800  nm,  a  partial 
removal  of  ITO  with  laser  light  at  266  nm  was  not  obtainable.  This  situation  changed  at  5  ns  and  532  nm,  where  at 
modest  laser  fluence  of  530  mJ/cm2  between  the  single  and  multiple  shot  threshold,  also  partial  removal  of  100  nm  ITO 
was  observed.  In  this  case  photon  absorption  in  the  glass  is  negligible  and  has  little  or  no  influence  on  the  layer 
removal. 


Based  on  the  analysis  (optical  microscope,  AFM  and  optical  surface  profiler)  of  the  laser  irradiated  areas  we  conclude, 
that  the  material  removal  mechanism  for  all  five  wavelength  -  pulse  duration  combinations  is  (mainly)  of  thermal 
origin.  Whether  the  UV  ultra-short  pulses  also  trigger  a  photochemical  process  is  presently  unclear  and  can  not  be 
answered  without  introducing  additional  in  situ  experimental  techniques. 

For  ITO  on  glass  we  also  performed  processing  experiments  using  only  the  oscillator  system  of  the  fs  laser  system. 
Focusing  the  fs  laser  pulses  to  a  diameter  below  3  pm  at  a  single  pulse  energy  of  only  10  nJ  at  a  repetition  rate  of  80 
MHz,  we  obtained  a  complete  and  very  precise  removal  of  ITO  from  the  glass  substrate  at  fluence  levels  around  only 
100  mJ/cm  .  This  drop  in  processing  threshold  -  compared  to  the  100  Hz  application  —  seems  to  have  its  origin  in  the 
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reduced  diffusion  rate  at  80  MHz  processing,  underlying  our  assumption  of  a  predominate  thermal  activation  in  the 
material  removal  of  ITO  with  fs  laser  pulses.  However,  to  avoid  any  misunderstanding,  the  high  peak  power  of  the  low- 
energy  fs  laser  pulses  is  an  absolute  necessity  to  achieve  a  minimal  free-electron  plasma  density  as  precursor  for 
additional  (thermal)  photon  absorption  on  the  surface  (or  inside)  the  transparent  layer.  This  case  of  localized  energy 
accumulation  is  comparable  to  the  fs  high  repetition  laser-induced  plasma  reactions  and  modifications  reported  in  bulk 
glass  and  fused  silica  at  single  pulse  energies  below  100  nJ.6 


3.2.  PANI  on  photo-resist 

Figure  4  depicts  the  threshold  fluence  for  modification  (damage)  and  ablation  of  PANI  on  photo-resist  at  laser 
wavelength  of  800  nm  and  a  pulse  duration  of  0.2  ps.  The  former  appears  to  be  independent  of  the  number  of  laser 
pulses.  Contrary  the  ablation  threshold  drops  sharply  between  1  and  ten  laser  pulses.  As  the  laser  fluence  is  reduced 
below  20  mJ/cm2  (1/4  of  the  single  shot  threshold  fluence  for  ablation)  no  ablation  is  observed  even  at  a  very  high 
number  of  laser  pulses.  Laser  pulses  with  a  fluence  in  an  interval  between  the  single  shot  fluence  for  ablation  and  the 
damage  threshold  for  modification  lead  to  a  roughening  of  the  surface  and,  hence,  to  an  increase  of  absorption  at  800 
nm  and  to  a  lower  threshold  for  ablation.  The  damage  and  ablation  threshold  for  800  nm  and  5  ps  laser  pulses  show  an 
almost  identical  behavior.  In  opposite  to  the  ITO  on  glass  substrate,  threshold  values  are  far  less  dependent  on  the  pulse 
duration  in  the  fs  and  ps  range.  Concerning  the  5  ns  laser  pulses  at  532  and  266  nm,  we  obtained  a  pronounced  10  fold 
increase  in  damage  threshold  for  the  PANI  layer  on  photo-resist  on  glass.  Actually,  this  difference  in  threshold  between 
fs/ps  and  ns  laser  pulses  is  surprising,  taking  the  absorption  properties  into  account.  However,  the  combination  of  linear 
absorption  at  800  nm  and  non-linear  ionization  channels  using  ultra  short  pulses  leads  obviously  to  a  very  efficient 
photon  energy  input  into  the  PANI  layer. 

Fig.  5  depicts  six  processing  examples  of  PANI  on  photo-resist  on  glass  using  ultra-short  laser  pulses  at  0.2  ps  and 
800  nm.  The  top  left  laser-induced  modification  at  44  mJ/cm2  and  N  =  1  laser  shot  demonstrates  a  first  roughening  of 
the  surface  in  an  fluence  level  between  the  damage  and  ablation  threshold.  After  the  second  laser  shot  at  44  mJ/cm“  (top 
middle  of  Fig.  5)  the  roughening  seems  more  complete.  The  third  shot  at  that  fluence  finally  leads  to  a  (partial)  ablation 
of  the  PANI  layer  (dark  center  in  the  top  right  picture  of  Fig.  5),  leaving  the  photo-resist  unharmed.  This  assumption  is 
verified  by  our  AFM  profile  analysis  of  these  structures.  The  size  of  the  laser-induced  modifications  at  this  modest 
fluence  level  remain  inside  the  average  laser  spot  diameter  of  ca.  35  pm.  At  a  slightly  higher  fluence  of  50  mJ/cm2  the 
single-shot  processing  enhances  the  roughening  in  size  and  depth  (middle  left  picture^  of  Fig.  5),  without  actually 
removing  the  top  layer.  Selective  removal  with  N  =  1  laser  shot  is  achieved  at  100  mJ/cm2,  more  precisely  in  the  center 
region  of  the  focused  laser  beam  (bottom  left  picture  of  Fig.  5).  In  the  picture  bottom  right  of  Fig.  5  we  present  an 
example  of  complete  removal  of  the  PANI  layer  after  10  laser  shots  at  300  mJ/cm2,  as  illustrated  by  the  transition  from 
a  dark  to  a  light  optical  impression  in  the  center  of  illumination.  The  photo-resist  film  was  not  ablated  even  partially  and 
the  mean  roughness  of  the  processed  surface  remains  in  its  original  stage  after  processing  in  the  fluence  range  up  to  500 
mJ/cm2.  This  is  confirmed  by  AFM  analysis  and  optical  profiler  measurements.  However,  one  can  observe  a  well- 
defined  dark  rim  as  boundary  between  the  unaffected  region  and  the  ablated  zone,  yielding  a  with  laser  fluence 
increasing  elevation  from  10  to  50  nm.  This  effect  may  be  reduced  by  introducing  a  “top-hat”  profile  in  the  processing 
beam,  instead  of  a  Gaussian  intensity  distribution.  The  modifications  are  surprisingly  reproducible,  considering  the 
significant  changes  obtainable  by  slight  adjustments  in  the  laser  fluence.  Also,  the  results  for  the  wavelength  -  pulse 
duration  combination  800  nm  and  5  ps  are  equivalent  to  the  fs  case,  with  a  tendency  of  reduced  quality  near  the  rim.  In 
the  near  IR  region  fs  laser  pulses  appear  to  be  superior  to  the  ps  pulses  with  regard  to  the  quality  of  the  irradiated  area  as 
well  as  the  ablation  efficiency. 

In  contrast  to  the  removal  of  ITO  on  glass  the  wavelength  is  much  more  crucial  when  it  comes  to  the  ablation  of  PANI 
on  photo-resist  on  glass.  The  machining  result  is  strongly  wavelength  dependent  regardless  of  the  pulse  duration. 
Analysis  of  the  depth  profiles  for  the  processed  multi-layer  system  II  -  PANI  on  photo-resist  on  glass  -  demonstrate 
clearly,  that  in  UV  laser  processing  at  266  nm  both  layers,  PANI  and  photo-resist,  are  removed.  We  were  unable  to 
control  any  selective  removal  of  PANI  on  photo-resist  at  266  nm,  independent  of  the  pulse  duration.  This  is  perhaps  a 
surprising  result,  we  expected  at  least  for  the  wavelength  -  pulse  duration  combination  266  nm  and  0.2  ps  a  higher 
selectivity  due  to  the  stronger  potential  of  energy  localization  in  a  very  thin  surface  region  (as  in  the  skin  depth  for 
metals).  However,  the  photo-resist  underneath  the  PANI  is  highly  sensitive  to  ultraviolet  radiation.  The  ablation  of 


Proc.  SPIE  Vol.  4637 


175 


PANI  is  associated  with  roughening  and  partial  removal  of  the  layer,  leading  to  local  sites  of  possible  transmission  of 
photon  energy  into  the  resist  layer.  Therefore,  even  minor  fluence  levels  in  the  UV  can  caused  partial  damage  in  the 
photo-resist.  At  a  wavelength  at  800  nm  and  to  some  part  also  at  532  nm,  this  optical  penetration  is  not  severe,  since  at 
least  linear  absorption  in  photo-resist  is  not  expected  from  the  data  in  Table  2.  However,  at  266  nm  a  layer 
discrimination  of  photon  penetration  is  less  probable  and  even  fs  laser  pulses  are  inadequate  to  solve  the  problem  in  the 
UV.  The  selectivity  is  in  this  case  strongly  wavelength  related.  The  laser  pulse  duration  regulates  the  thermal  diffusion 
surrounding  the  volume  of  optical  penetration.  Therefore,  processing  with  ultra  short  laser  pulses  at  800  nm  reduces  the 
thermal  penetration  depth  to  a  minimum,  ensuring  the  selective  removal  of  PANI. 
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Fig.  4:  Laser-induced  damage  (squares)  and  ablation  (circles)  threshold 
of  PANI  (on  photo-resist  on  glass)  at  a  wavelength  of  800  nm  and  a 
pulse  width  of  0.2  ps  as  a  function  of  number  of  laser  shots  N  per 
location. 
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Fig.  5:  Optical  microscope  pictures  of  laser- 
induced  modifications  on  the  multi-layer  system 
H:  PANI  on  photo-resist  on  glass  using  fs  laser 
pulses  at  800  nm.  N:  number  of  laser  shots.  The 
laser  fluence  of  44  mJ/cm2  was  used  to  generate 
the  top  three  modifications. 


As  perhaps  expected  from  the  absorption  coefficient  for  the  two 

layers  at  532  nm  compiled  in  Table  2,  green  laser  light  does  also  allow  for  a  selective  removal  of  the  PANI  layer 
without  considerably  damaging  the  underlying  photo-resist.  This  is  observed  especially  in  a  fluence  interval  of  100  to 
300  mJ/cm  ,  slightly  above  the  damage  and  near  the  ablation  threshold  for  this  wavelength  -  pulse  duration 
combination.  Although  the  optical  microscope  pictures  give  an  impression  of  a  well-defined  removal,  depth  profile 
analysis  using  AFM  and  optical  profiler  technique  reveal  an  elevation  of  residuals  at  the  rim  of  several  100  nm.  In  many 
cases  we  also  obtained  an  unwanted  partial  removal  of  the  photo-resist  and  an  increase  in  the  mean  roughness, 
indicating  that  the  selective  removal  of  PANI  is  more  difficult  to  control  at  the  wavelength  -  pulse  duration  532  nm  and 
5  ns.  The  increase  in  thermal  diffusion  at  5  ns  laser  pulse  duration  is  probably  responsible  for  the  difficulties 
encountered.  Additional  experiments  using  800  nm  or  1.06  pm  around  5  ns  pulse  duration  are  planed  to  evaluate  this 
assumption  more  closely. 


33.  PPV/Pedot  on  ITO  on  glass 

Figure  6  illustrates  the  threshold  fluence  for  modification  (damage)  and  for  single  shot  ablation  of  the  layer  combination 
PPV/pedot  on  ITO  (on  glass)  at  laser  wavelength  of  800  nm  and  a  pulse  duration  of  0.2  ps.  The  damage  and  ablation 
threshold  are  practically  identical  after  N  =  2  laser  shots.  Using  ultra  short  laser  pulses  the  damage  threshold 
demonstrates  only  minor  shot-number  dependencies,  similar  to  the  PANI  case.  A  substantial  decrease  of  the  threshold 
value  between  single  and  100  shots  occurs  only  at  266  nm  at  0.2  ps  and  also  at  5  ns  pulse  duration.  As  indicated  in 
Fig.  6,  the  treatment  of  the  this  multi-layer  system  III  with  multiple  ultra  short  laser  pulses  (N  >  1000)  at  wavelength  of 
800  nm  and  a  processing  fluence  of  <40  mJ/cm2  (beneath  the  multi-shot  damage  threshold)  leads  to  an  increased 
resistance  against  subsequent  laser  exposure.  The  process  responsible  for  this  surprising  laser-induced  increase  in  the 
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damage  threshold  from  40  mJ/cm2  to  over  100  mJ/cm2  is  presently  unclear.  Following  additional  notes  can  be  made: 
The  threshold  fluence  decreases  with  the  laser  wavelength  within  the  investigated  range.  The  threshold  fluence 
decreases  with  the  laser  pulse  duration  within  the  investigated  range.  Compared  to  the  wavelength  the  pulse  duration 
has  a  far  stronger  influence  on  the  threshold  fluence  within  the  investigated  range.  At  266  nm  the  use  of  fs  pulses 
instead  of  ns  pulses  results  in  a  significant  drop  of  the  damage  threshold  fluence  (almost  one  order  of  magnitude). 
Compared  to  ITO  the  threshold  fluence  for  modification  is  much  lower.  The  ratio  is  between  2  and  10,  depending  on  the 
chosen  wavelength  —  pulse  duration  combination.  Especially  pronounced  are  the  fairly  low  threshold  levels  at  800  nm 
for  0.2  and  5  ps,  which  are  at  least  5  times  lower  than  for  sample  I:  ITO  on  glass.  The  increasing  linear  absorption  at 
800  nm  for  the  sample  III:  PPV/pedot  on  ITO  on  glass  may  contribute  to  the  decreasing  threshold.  However,  the 
ablation  process  in  the  sample  HI  seems  to  differ  considerably  from  the  case  sample  I:  ITO  on  glass,  which  is  probably 
the  main  reason  for  the  reduction  in  threshold. 
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Fig.  6:  Laser-induced  damage  (circles)  and  ablation  (squares)  threshold 
of  PPV/Pedot  (on  ITO  on  glass)  at  a  wavelength  of  800  and  a  pulse 
width  of  0.2  ps  as  a  function  of  number  of  laser  shots  N  per  location. 
Note  the  enhancement  in  the  threshold  for  N  =  1000  (larger  circle)  after 
low  fluence  (35  -  40  mJ/cm2)  illumination  of  identical  location. 


56  mJ/cm2 
N  =  2 


62  mJ/cm2 
N=  1 


Fig.  7:  Optical  microscope  pictures  of  laser- 
induced  modifications  on  the  multi-layer  system  HI: 
PPV/Pedot  on  ITO  on  glass  at  a  laser  pulse  width  of 
0.2  ps  and  at  a  wavelength  of  800  nm.  N:  number  of 


Fig.  7  depicts  optical  microscope  pictures  of  laser-induced  damage  sights  on  the  sample  system  HI:  PPV/pedot  on  ITO 
(on  glass)  using  ultra-short  laser  pulses  of  0.2  ps  at  800  nm.  The  laser  fluence  for  N  =  2  shots  (top)  and  single-shot  is 
closely  above  damage  threshold.  Based  on  the  surface  inspection  a  discrimination  between  damage  and  ablation  is  very 
difficult.  In  the  initial  stage  of  laser  processing  the  PPV/pedot  layer  is  rather  peeled  off  than  actually  ablated  from  the 
surface.  This  can  be  seen  quite  clearly  in  the  lower  picture  of  Fig.  7.  The  threshold  and  processing  results  for  the 
wavelength  -  pulse  duration  combination  800  nm  and  5  ps  are  very  similar.  The  penetration  of  laser  energy  in  the 
interface  region  PPV/pedot  and  ITO  seems  to  be  responsible  for  the  processing.  Clearly,  the  damage  threshold  of  ITO 
on  glass  alone  is  much  higher,  however,  it  is  unclear,  in  which  way  the  additional  layer  may  enhance  the  deposition  rate 
at  the  interface.  The  examples  in  Fig.  7  reveal  a  stress  related  process,  perhaps  based  on  thermal  expansion  or  other 
thermally  related  effects,  such  as  the  pressure  of  a  gas  bubble  developing  between  the  PPV/pedot  and  ITO  layer. 

For  additional  assessments  on  the  possible  “ablation”  process,  Fig.  8  presents  optical  microscope  pictures  of  laser- 
induced  damage  sights  on  the  sample  system  III:  PPV/pedot  on  ITO  (on  glass)  using  ultra-short  laser  pulses  of  0.2  ps  at 
266  nm.  In  the  example  of  top  left  in  Fig.  8  one  receives  the  impression  of  a  laser-induced  “tear-off”  or  peeling 
procedure  of  the  top  layer  combination  PPV/pedot  from  the  ITO  layer  underneath.  This  flag-like  feature  was 
reproducible  at  this  fluence  level  of  80  mJ/cm2  and  N  =  2  shots.  Additional  laser  shots  reduces  the  size  of  dangling 
features,  they  remain,  however,  visible  near  the  rim.  In  situ  monitoring  demonstrated  a  smoke-like  impression  even 
several  seconds  after  the  ultra  short  laser  pulse  (at  266  and  800  nm)  has  acted  on  the  surface,  revealing  a  sub-layer 
material  release,  probably  vapor.  In  the  two  top  examples  processed  at  55  mJ/cm2  one  can  observe  the  development  of 
the  laser-induced  layer  peeling  procedure.  In  the  sub-surface  region,  probably  at  the  interface  PPV/pedot  and  ITO,  the 
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stabilized  modification  is  causing  a  darkening  in  the  optical  microscope  picture.  With  the  second  laser  shot  the  center 
region  changes  again,  leading  to  the  impression,  that  the  top  layers  PPV/pedot  lost  contact  to  the  ITO  layer  underneath. 
Additional  laser  shots  enhance  the  size  and  contrast  of  the  inner  circle  until  a  sudden  burst  initiates  the  peeling  of  the 
top  layer,  locally  corresponding  to  the  original  single  laser  shot  induced  sub-surface  modification. 

As  indicated  earlier,  UV  laser  processing  shows  signs  of 
incubation  during  multi-shot  illumination.  The  results  in  the 
“ablation”  of  PPV/pedot  on  ITO  at  a  fairly  low  fluence  level  < 

15  mJ/cm2  and  after  N  =  100  laser  shots  differ  significantly  from 
the  previously  discussed  case,  as  illustrated  in  the  lower 
examples  in  Fig.  8.  Although  we  observe  a  similar  sub-surface 
modification,  the  PPV/pedot  damage  consists  of  many  sub¬ 
micron  sights  of  partial  and  complete  removal.  Outside  of 
problems  facing  some  residuals  of  the  top  layer  combination 
near  the  rim,  multi-shot  fs  laser  processing  at  266  nm  at  a 
fluence  level  of  40  mJ/cm2  selectively  removes  the  PPV/pedot 
layer  combination.  The  ablation  depth  remains  at  ca.  250  nm,  so 
that  the  ITO  layer  seems  unharmed.  Using  5  ns  laser  pulses  at 
266  nm,  the  processing  results  at  fluence  levels  around  150 
mJ/cm2  are  similarly  acceptable,  with  the  exception  that  ITO 
layer  is  in  many  cases  at  least  partially  damaged  or  ablated.  The 
processing  with  ns  laser  pulses  at  266  nm  compared  to  the  fs 
case  is  more  difficult  to  control  and  less  reproducible.  Above 
600  mJ/cm"  at  266  nm  and  5  ns  the  ITO  layer  is  also  completely 
removed  (without  damaging  the  glass  substrate). 

For  5  ns  laser  pulses  at  532  nm  the  processing  results  are  even 
less  acceptable.  We  observed  a  small  processing  window  at  a 
fluence  level  around  500  mJ/cm2 ,  at  which  selective  removal  of  the  combined  PPV/pedot  layer  from  the  ITO  is  to  some 
extend  possible.  However,  there  are  many  large  residuals  inside  the  laser  processed  area  and  near  the  rim,  some  several 
pm  long.  AFM  analysis  of  the  laser  processed  regions  with  using  532  nm  at  5  ns  was  very  difficult  due  to  several 
dangling  left-others  of  the  PPV/pedot  layer. 

For  all  wavelength  pulse  duration  combinations  we  observe  the  following  results  for  sample  layer  system  III:  In  order  to 
remove  the  top  layer  completely  to  generate  grooves  and  larger  areas  a  very  high  pulse  overlap  (=  90  %)  has  to  be 
chosen.  An  2/3  pulse  overlap  results  in  partial  ablation.  Laser  processing  of  the  PPV/pedot  layer  is  indirect,  the  effect  of 
the  laser  energy  deposition  is  visible  at  the  interface  between  PPV/pedot  and  ITO  and  not  directly  at  the  PPV/pedot 
layer.  This  demonstrates  how  important  the  localization  of  laser  energy  for  high  quality  processing  is. 
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Fig.  8:  Optical  microscope  pictures  of  laser-induced 
modifications  on  the  multi-layer  system  HI: 
PPV/Pedot  on  ITO  on  glass  at  a  laser  pulse  width  of 
0.2  ps  and  at  a  wavelength  of  266  nm.  N:  number  of 
laser  shots. 
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4.  CONCLUSION 


The  laser  processing  investigation  at  certain  wavelength  -  pulse  duration  combinations  for  multi-layer  systems  such  as 
150  nm  thin  indium  tin  oxide  (ITO),  200  nm  thin  polyaniline  (PANT)  on  1  pm  thick  photo  resist,  and  280  nm  PPV/pedot 
layer-combination  on  150  nm  thin  ITO  demonstrated,  that  focused  laser  tight  can  be  a  feasible  tool  for  selective  layer 
removal  even  for  these  optically  transparent  materials.  The  applicability  of  ultra  short  laser  pulses  at  800  nm  for  micro¬ 
machining  of  the  top  layer  alone  has  been  demonstrated  for  ITO  on  glass,  PANI  on  photo-resist  on  glass,  and  to  some 
extend  also  for  PPV/pedot  on  ITO  on  glass,  considering  the  remaining  problem  involving  flag-tike  residuals  at  the  rim. 
The  low  threshold  levels  observed  using  ultra  short  laser  pulses  at  800  nm  allow  for  laser  processing  at  single  shot 
energies  of  only  10  nJ  with  beam  spot  sizes  between  3  pm  (ITO)  and  6  pm  (PANI).  Turn-key  and  stand-alone  oscillator 
systems  for  the  generation  of  high  repetition,  ultra-short  laser  pulses  at  sufficient  average  power  for  adequate  processing 
speeds  are  just  recently  made  available  for  this  kind  of  application. 

In  cases,  where  the  optical  penetration  depth  is  discriminated  by  strong  differences  in  linear  absorption,  selectivity  can 
be  achieved  by  the  choice  of  wavelength,  so  that  also  ns  pulses,  e.g.  at  532  nm,  may  lead  to  acceptable  results 
concerning  micro-machining  of  the  top  layer.  However,  the  thermal  penetration  depth  exceeds  the  optical  absorption 
depth,  especially  for  longer  pulse  durations.  This  is  demonstrated  in  the  tendency  of  increasing  partial  damage  of  the 
lower  layer  and  in  some  cases  unacceptable  elevation  of  the  rim  after  processing  with  ns  laser  pulses.  The  combination 
0.2  ps  pulse  duration  and  266  nm  does  not  necessarily  guarantee  the  localization  of  photon  energy  in  the  top  (thin)  layer 
alone.  Laser-induced  layer  removal  based  on  surface  roughening  or  non-isotropic  ablation  as  a  pre-cursor  can  attribute 
to  a  enhanced  energy  penetration  in  the  lower  substrate.  This  may  be  a  great  problem  if  the  absorption  coefficient  for 
the  lower  layer  at  the  processing  wavelength  is  significant,  independent  of  the  pulse  duration. 

In  short,  we  observe  the  following  laser-induced  processes:  thermal  ablation  for  ITO,  sub-surface  modification  and 
incubation  for  PANI,  and  vapor  related  expansion  and  stress-related  peeling  for  PPV/pedot.  Concerning  an  evaluation 
of  the  technical  feasibility  on  laser  processing  of  transparent  multi-layer  systems  this  study  is  too  preliminary. 
Additional  experimental  investigations  are  necessary  to  decide  on  future  implementations.  However,  we  hope  to  have 
outlined  in  this  paper  that  transparent  thin  multi-layer  systems  serve  as  most  interesting  model  systems  for  additional 
fundamental  studies  on  laser  interaction  mechanism  and  photon  absorption. 
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ABSTRACT 

Recently,  the  semiconductor  substrates  for  integrated  circuits  (ICs)  have  been  required  to  become  as  thin  as  50  pm, 
because  the  many  electronic  devices  are  strongly  demanded  to  be  miniaturized  and  light-weighted.  Machining  of  such 
thin  substrates  with  conventional  dicing  techniques  is  very  difficult.  Therefore,  we  have  proposed  to  process  them  using 
femtosecond  laser  ablation,  expecting  advantage  of  efficient  etching  without  undesirable  mechanical  and  thermal 
damages  such  as  cracking  and  melting  is  expected.  In  this  work,  we  have  investigated  the  influence  of  the  laser 
conditions  such  as  pulse  duration  and  flue  nee  on  the  cutting  depth  and  diameter  in  order  to  develop  a  new  photo-dicing 
technique  for  very  thin  ICs.  Within  the  range  of  pulse  energy  used  in  the  present  experiments,  the  dependence  of  die 
pulse  duration  did  not  seem  to  be  significant  It  was  also  found  that  the  lower  energy  of  die  laser  pulses,  die  smaller  and 
die  deeper,  i.e.,  die  sharper  holes  were  formed.  The  typical  cutting  depth  and  diameter  for  0.20  mJ/pulse  and  5  shots 
were  17  pm  and  40  pm,  respectively.  These  values  are  very  promising  for  die  practical  dicing  applications 


Keywords :  femtosecond  laser,  laser  ablation,  laser  scanning  microscope,  processing  efficiency 


1.  INTRODUCTION 

Recently,  die  semiconductor  substrates  for  integrated  circuits  (ICs)  have  been  required  to  become  thinner,  because  the 
many  electronic  devices  are  strongly  demanded  to  be  miniaturized  and  light-weighted.  The  thickness  of  the 
semiconductor  substrates  generally  used  now  is  about  600  ~  800  pm.  For  the  near  future,  one  expects  die  thickness  of 
less  than  50  pm.  Consequently,  the  mechanical  strength  of  the  substrates  is  getting  worse,  machining  of  such  thin 
substrates  using  conventional  dicing  techniques  such  as  machining  with  diamond  cutter  is  very  difficult  So,  we 
proposed  to  develop  a  processing  technique  with  laser  ablation  [23,  24].  However,  use  of  nanosecond  laser  such  as 
Nd:YAG  laser  for  this  purpose  had  been  results  in  undesirable  mechanical  and  thermal  damages  such  as  cracking  and 
melting.  On  the  other  hand,  recent  researches  on  laser  ablation  using  femtosecond  laser  pulses  have  become  tai«»«  much 
attention  for  micromachining  because  of  die  advantages  of  efficient  etching  without  such  damage  [1—22].  Such 
innovative  researches  and  developments  have  die  background  that  very  intense  ultrashort  laser  pulses  have  become 
utilized  easily  with  commercially  available  laser  systems.  We  have  already  reported  that  die  ablation  induced  by  the 
femtosecond  laser  irradiation  is  very  promising  for  photomachining  of  Si  substrates  such  as  cutting  and  drilling  [23, 24]. 
In  this  paper,  we  have  prepared  the  Si  wafers  with  50  pm  thick,  and  investigated  die  influence  of  die  laser  conditions 
such  as  pulse  duration  and  fluence  on  die  aiding  depth  and  diameter  in  order  to  develop  a  new  photo-dicing  technique 
for  fabrication  of  very  thin  ICs. 


2.  EXPERIMENTAL 

Figure  1  shows  a  schematic  block  diagram  of  a  laser  system  used  in  this  work.  A  mode-locked  Ti:sapphire  laser 
operated  at  770  nm  pumped  by  a  cw  argon  ion  laser  was  used  for  generation  of  seed  pulses  to  die  subsequent 
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regenerative  amplification.  The  modulation  frequency  was  82  MHz  and  die  duration  of  a  single  pulse  was 
approximately  80  fs.  The  laser  final  condition  obtained  from  this  system  was  as  follows:  the  energy  was  0.13  ~  0.50 
mJ/pulse,  the  frequency,  10  Hz,  and  the  pulse  duration,  100  ~  500  fs.  The  energy  and  the  pulse  duration  were  measured 
just  before  file  irradiation  of  the  each  sample  with  a  laser  power  meter  (407 A,  Spectra  Physics  Lasers)  and  a  single  shot 
autocorrelator  (SSA-F,  Spectra  Physics  Lasers),  respectively. 

Figure  2  shows  a  schematic  drawing  of  file  processing  unit.  A  plano-convex  lens  with  a  nominal  focal  length  of  100 
mm  was  used.  A  mechanical  shutter  inserted  at  file  upstream  of  the  lens  in  the  laser  path  controlled  the  shot  numbers 
irradiated  on  the  sample.  The  minimum  spot  size  at  the  focal  point  was  about  50  pm.  The  samples  used  in  this  work 
were  specially  prepared  Si  wafers  with  a  thickness  of  50  pm,  which  had  been  obtained  by  very  careful  grinding  and 
Aching  of  conventional  Si  wafers.  Through  the  range  of  the  energy  used  in  this  work,  air  breakdown  has  not  been 
observed  at  the  focal  point.  The  processed  surface  was  observed  and  characterized  with  a  scanning  election  microscope 
(SEM)  and  a  laser  scanning  microscope  (LSM). 


PC-controlled  X-Y  Stage 


Figure  1:  Schematic  block  diagram  of  the 
femtosecond  laser  system. 


Figure  2:  Schematic  drawing  of  the 
processing  unit 


3.  RESULTS  AND  DISCUSSIONS 


3. 1  The  comparison  of  the  cutting  grooves 

Figure  3  shows  the  results  of  the  cutting  of  Si  wafers,  (a)  shows  the  results  from  file  femtosecond  laser  (0.30  mJ/pulse, 
10  Hz,  800nm  and  5.5  pm/s),  (b)  shows  the  results  from  a  nanosecond  laser  (532  nm,  15  ns)  irradiation  with  almost  the 
same  conditions  (0.30  mJ/pulse,  10  Hz  and  5.5  pm/s).  Cracking  and  melting  appeared  in  (b),  clearly.  Such  damages 
were  successfully  suppressed  in  (a)  compared  with  the  case  of  (b).  The  difference  between  these  two  results  is  due  to 
the  feet  that  energy  deposition  by  laser  irradiation  is  fester  than  energy  escaping  by  thermal  diffusion  in  the  case  of  the 
frmtnwnnH  laser,  while  the  energy  is  escaping  during  the  irradiation  in  file  case  of  file  nanosecond  laser  [24]. 
Consequently,  very  clean  traces  were  successfully  engraved  by  the  femtosecond  laser. 
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Figure  3:  SEM  photographs  of  processed  portion  of  Si  wafer. 
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Nest,  the  influence  of  the  scan  rate  on  the  depth  of  the  grooves  was  characterized.  Assuming  the  removed  volume 
increases  proportionally  to  the  totally  irradiated  laser  energy  or  shot  numbers  while  the  width  of  grooves  is  constant,  the 
yepth  should  be  inversely  proportional  to  die  scan  rate.  In  this  experiment,  die  scan  rate  was  changed  from  5.5  to  111 
fm/s.  The  results  are  shown  in  Fig.  4.  The  ordinate  stands  for  the  reciprocal  of  die  depth  estimated  from  SEM 
P“ot°fraPhs  ln  logarithmic  scale.  As  die  abscissa  in  Fig.  4  is  die  scan  rate  in  logarithmic  scale,  die  slope  of  die  plots 
should  become  unity,  if  the  above  assumption  is  correct.  In  Fig.  4,  data  of  other  samples  were  also  plotted  for 
comparison.  The  principal  properties  of  these  materials  are  summarized  in  Table  1 .  As  a  result,  this  relationship  is  found 
to  be  maintained  in  the  range  from  approximately  20  to  1 1 1  pm/s  for  all  samples.  This  fact  means  that  the  scan  rate  of 
less  than  20  pm/s  is  excessively  slow  for  the  practical  efficient  material  processing 


Figure  5:  Typical  laser  scanning 
microscopic  image. 


Figure  4:  The  depth  of  the  processed  grooves 
versus  the  scan  rate  of  the  samples. 


Figure  6:  A  schematic  drawing  of  the  cross 
section  of  die  typical  ablation  trace. 


3. 2  Influence  of  the  laser  conditions 

3. 2. 1  Measurement  of  cutting  diameter,  cutting  depth  and  height  of  the  burr  by  the  LSM 
Morphological  studies  were  performed  for  the  ablation  trace  that  had  been  formed  by  irradiation  of  the  focused  laser 
without  scanning  the  stage  m  order  to  investigate  to  find  the  optimal  laser  condition  for  the  machining.  Figure  5  shows  a 
typical  laser  scanning  microscopic  image  which  were  formed  by  5  shots  of  laser  irradiation.  Because  the  Si  wafer  with 
50  pm  thick  was  penetrated  by  15  to  25  shots  of  irradiation,  all  following  observations  were  carried  out  for  the  ablation 
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traces  which  had  been  formed  by  5-shot  irradiation.  Figure  6  illustrates  a  schematic  drawing  of  the  cross  section  of  die 
typical  ablation  trace  which  were  obtained  by  3-dimensional  analysis  of  the  image  shown  in  Fig.  5.  We  defined  the 
cutting  diameter  W  [pm],  cutting  depth  D  [pm]  and  height  of  the  burr  H  [pm]  as  shown  in  Fig.  6. 

Figure  7  shows  the  dependence  of  the  D  and  the  H  on  the  distance  between  the  lens  and  the  sample  when  it  was 
irradiated  at  0.13  mJ/pulse  and  300  fs.  The  //became  the  minimum  at  a  distance  where  the  D  became  the  minimum.  We 
defined  this  distance  as  the  length  which  give  the  best  focus  condition.  Of  course,  the  H  is  expected  to  be  as  small  as 
possible  in  the  application  point  of  view  for  die  micromachining,  so  the  following  analyses  have  been  carried  out  for  the 
data  which  have  been  taken  at  the  best  focus  conditions. 

Figure  8  shows  the  dependence  of  the  best  focus  condition  on  the  energy  of  the  irradiated  laser.  The  best  focal  distance 
changed  with  the  laser  energy.  Comparing  the  data  taken  for  200  fs-0.16  mJ/pulse  and  200  fe-0.28  mJ/pulse,  the  larger 
the  energy,  the  shorter  the  distance.  Besides,  the  best  focal  distance  for  200  fs-0.16  mJ/pulse  was  corresponded  to  that 
for  400  fe-0.28  mJ/pulse.  From  these  facts,  we  considered  that  this  change  of  the  distance  was  caused  by  the  nonlinear 
refractive  changes  of  the  BK-7  glass  which  the  lens  was  made  of  by  the  very  high  peak  power  of  the  laser.  Taking  this 
into  account,  we  adjusted  the  lens-sample  distance  to  be  die  best  focus  condition  with  die  accuracy  of  ±0.1  mm  for 
each  experiment. 
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Figure  7:  The  dependence  of  the  D  and  the  Figure  8:  The  dependence  of  the  best 

H  on  the  lens-sample  distance.  focus  condition  on  the  enerev. 


3. 2. 2  Influence  of  the  pulse  duration  and  the  energy  on  the  cutting  diameter 

Figure  9  shows  the  relation  between  the  measured  W  and  the  pulse  energy.  In  Fig.  9,  the  pulse  duration  used  in  this 
experiment  was  divided  into  3  groups  and  indicated  by  different  shapes  of  the  plot  (solid  circle:  100-150  fs,  solid 
triangle:  151-250  fs,  open  square:  251-500  fe).  Within  the  range  of  the  pulse  duration  used  in  die  present  experiments, 
the  dependence  on  the  pulse  duration  did  not  seem  to  play  an  important  role  for  the  determination  of  the  W.  Within  the 
range  of  pulse  energy  (0.13-0.50  mJ/pulse),  the  higher  the  energy  of  the  laser  pulses,  the  larger  holes  were  formed. 
Consequently,  it  was  found  that  the  W  was  almost  proportional  to  die  laser  energy  within  this  range  of  die  energy  and 
the  pulse  duration.  Below  a  energy  of  approximately  0.08  mJ/pulse,  clear  holes  were  not  formed.  We  considered  this 
level  of  the  energy  is  corresponded  to  the  threshold  of  the  laser  ablation  for  the  laser  conditions  and  the  sample  used  in 
this  work. 

3. 2. 3  Influence  of  the  energy  on  the  cutting  depth 

Figure  10  shows  die  relation  between  the  measured  D  and  die  pulse  eneigy.  In  Fig.  10,  the  same  plotting  style  as  Fig.  9 
for  the  pulse  duration  was  used.  Also  for  the  discussion  of  the  D,  the  pulse  duration  did  not  seem  to  be  important. 
Within  the  range  of  the  pulse  energy  from  0.20  to  0.50  mJ/pulse,  results  that  the  lower  energy  of  the  laser  pulses  formed 
die  deeper  holes  have  been  obtained.  In  this  region,  the  lower  pulse  energy  provided  the  smaller  and  the  deeper,  i.e., 
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tibe  shaiper  holes.  This  tendency  is  very  different  from  the  results  carried  out  with  nanosecond  laser  ablation  in  which 
the  larger  energy  provides  the  deeper  holes.  On  the  other  hand,  within  the  pulse  energy  below  0.20  mJ/pulse,  the  smaller 
the  energy,  the  shallower  die  D.  This  means  a  energy  which  gives  the  maximum  cutting  speed  can  be  found  a  energy  of 
around  0.20  mJ/pulse. 


pulse  energy  ( mJ/pulse )  pulse  energy  (  mJ/pulse  ) 


Figure  9:  The  relation  between  the  W  and  the  pulse  energy.  Figure  10:  The  relation  between  the  D  and  the  pulse  energy. 


3. 2. 4  Influence  of  the  energy  on  the  height  of  the  burr 

Figure  1 1  shows  the  relation  between  die  measured  H  and  the  pulse  energy.  The  obtained  data  were  so  ramble  that  we 
couldn’t  find  the  certain  tendency  about  the  relation  between  these.  Although  we  consider  dial  the  discussion  about  the 
reason  of  this  rambling  will  be  work  for  the  future,  at  least  we  can  say  that  the  H  can  be  controlled  at  most  less  than  5 
pm.  Figure  12  ((a)  and  (b))  shows  the  images  of  a  hole  which  has  die  smallest  H  through  the  present  experiments  taken 
with  the  LSM  and  die  SEM,  respectively.  Especially  in  Fig  12  (b),  it  is  clearly  observed  that  a  clean  hole  without  any 
cracking  can  be  successfully  formed  for  die  Si  substrate  of  which  thickness  is  as  thin  as  50  pm. 


Figure  1 1 :  The  relation  between  the  H  and  the  pulse  energy. 
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(a)  (b) 

Figure  12:  The  images  of  a  hole  taken  with  the  LSM  (a)  and  the  SEM  (b). 


3. 2. 5  Estimation  of  the  efficiency 

We  have  estimated  the  processing  efficiency  from  the  energy-expending  point  of  view.  We  defined  the  processing 
efficiency  7  as  follows: 


7=(£b^/«£l)X100  [%], 

where  £B  is  the  binding  energy  between  atoms  in  the  Si  substrates  (16.2  kJ/g),  V  the  removed  volume,  p  the  density  of 
Si,  n  die  shot  numbers  and  Et  the  laser  energy.  The  numerator  E*Vp  stands  for  the  total  energy  which  is  supplied  by  the 
laser  beam.  Figure  13  shows  the  relation  between  7  and  the  pulse  energy.  The  results  in  Fig.  13  are  similar  to  tire 
tendency  about  D  in  Fig.  10,  whereas  it  is  completely  different  tendency  about  W  in  Fig.  9.  The  efficiency  7  indicated 
the  maximum  at  a  energy  around  0.18  mJ/pulse.  We  consider  that  the  energy  range  from  0.18  to  0.20  mJ/pulse  in  which 
both  the  D  and  7  become  nearly  the  maximum  should  provide  the  optimal  machining  condition  for  die  dicing  thin  Si 
substrates  by  femtosecond  lasers. 


Figure  13:  The  relation  between  the  7  and  the  pulse  energy. 
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4.  SUMMARY  AND  CONCLUSIONS 


We  have  developed  the  cutting  technique  for  Si  wafer  of  which  thickness  is  SO  pm  utilizing  die  femtosecond  laser 
ablation.  We  have  investigated  die  influence  of  the  laser  conditions  such  as  pulse  duration  and  fluence.  The  principal 
conclusions  for  die  range  of  pulse  duration  and  energy  used  in  this  experiment  may  be  summarized  thus: 

1)  The  dependence  of  the  pulse  duration  did  not  seem  to  be  significant. 

2)  The  cutting  diameter  is  nearly  proportional  to  die  pulse  energy  and  the  depth  reaches  to  die  maximum 
(approximately  4  pm/pulse)  at  a  pulse  energy  of  around  0.20  mJ/pulse. 

3)  The  height  of  the  burr  could  be  controlled  at  most  5  pm. 

4)  The  processing  efficiency  indicates  the  maximum  at  a  pulse  energy  of  around  0.18  mJ/pulse. 

From  these,  we  can  conclude  that  the  energy  around  (0.18-0.20  mJ/pulse)  should  be  die  optimal  machining  condition 
for  dicing  very  thin  Si  substrates  by  femtosecond  lasers.  These  results  are  very  promising  for  the  practical  applications 
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ABSTRACT 

Using  tightly  focused  femtosecond  laser  pulses  waveguides  are  fabricated  inside  glasses  and  crystalline  materials.  The 
guiding  and  attenuation  properties  at  different  wavelengths  as  well  as  the  micromorphology  of  the  irradiated  samples 
are  studied.  We  demonstrate  the  fabrication  of  single-  and  multimode  waveguides  with  damping  losses  well  below 
1  dB/cm  in  fused  silica.  In  crystalline  quartz  we  found  that  the  irradiated  area  has  become  amorphous  due  to  the 
absorption  of  the  laser  radiation.  In  this  case  waveguiding  is  observed  in  a  stress-induced  region  surrounding  the 
irradiated,  amorphous  area. 

Keywords:  waveguides,  integrated  optics  devices,  microstructuring,  ultrafast  lasers,  ultrafast  laser  processing 


1.  INTRODUCTION 

The  fabrication  of  optical  waveguides  and  waveguide  arrays  in  different  glasses  and  crystals  is  required  for  many 
applications  in  integrated  optics.  At  present,  such  structures  are  usually  fabricated  by  ionic  diffusion  or  exchange  into  a 
transparent  substrate,  by  laser  irradiation  of  special  photorefractive  materials,  or  by  lithographic  methods.  Although 
these  processes  are  well  established,  their  use  is  in  general  limited  to  the  production  of  two-dimensional  photonic 
structures  at  the  surface  of  the  samples. 

Recently,  it  has  been  demonstrated  that  optical  waveguides  can  be  directly  written  by  ultrashort  laser  pulses.1,2  When 
tightly  focused  into  the  bulk  of  a  transparent  solid,  femtosecond  laser  pulses  can  produce  a  permanent  refractive  index 
modification  inside  a  small  focal  volume.  The  laser  energy  is  absorbed  in  the  focal  volume  by  multiphoton  and 
avalanche  absorption,  leading  to  optical  breakdown  and  microplasma  formation.3'5  The  evolution  of  this  microplasma 
induces  structural  and  refractive  index  changes  in  the  focal  region.  Possible  mechanisms  responsible  for  the  refractive 
index  modifications  (which  are  still  under  discussion)  are  induced  stress,6  local  density  changes2  and  the  formation  of 
color  centers.  In  any  case,  this  technique  seems  to  be  universal  and  allows  to  perform  three-dimensional  refractive 
index  patterning.  Buried  optical  waveguides  and  more  complicate  three-dimensional  photonic  structures  can  be 
fabricated  in  practically  all  transparent  materials  by  moving  the  sample  with  respect  to  the  laser  beam. 

Technological  applications  of  this  novel  direct  femtosecond  laser-writing  technique  can  spur  new  and  innovative 
developments  in  integrated  optics,  optical  communications,  and  optical  data  storage.  Among  the  structures  which  have 
already  been  demonstrated  are  optical  waveguides, 1,2,7,s  beam  splitters,6  X-couplers,9  directional  couplers,10  stacked 
waveguides  and  waveguide  arrays,9  3-dimensional  data  storage,11  transmission  gratings,12  and  long-period  fiber 
gratings.13 

To  date  there  are  two  different  processing  techniques  under  investigation.  When  a  high-repetition  rate  laser  system  with 
repetition  rates  in  the  MHz-range  is  used,  localized  melting  due  to  the  accumulative  heating  of  several  following  pulses 
occurs.  In  this  case  the  time  between  successive  pulses  is  not  long  enough  to  allow  the  deposited  heat  to  diffuse  away 
before  the  next  pulse  arrives.  In  consequence,  the  material  is  locally  melted  and  resolidifies  when  the  laser  beam  is 
moved  to  another  place.  The  heating  and  cooling  rates  are  dependent  not  only  on  pulse  energy  and  pulse  duration  but 
also  on  the  repetition  rate  and  the  scanning  speed  of  the  laser  beam. 

The  second  processing  technique  is  based  on  a  low  repetition  rate  laser  system  (e.g.  1  kHz).  In  this  case  a  single  laser 
pulse  is  responsible  for  the  material  modifications  and  the  time  between  the  pulses  is  much  longer  than  the  deposited 
energy  needs  to  dissipate.  Although  the  scanning  speed  and  the  repetition  rate  do  have  an  influence  on  the  amount  of  the 
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modification  in  this  case  too,  the  induced  changes  are  single  pulse  effects  and  the  actual  time  between  the  pulses  is 
unimportant. 

In  this  paper  we  report  on  our  recent  advances  in  fabricating  waveguides  using  low-repetition  rate  femtosecond  lasers. 
The  properties  of  waveguides  fabricated  in  glasses  and  crystals  and  their  dependence  on  the  production  laser  parameters 
will  be  discussed. 


2.  EXPERIMENTAL 

For  the  fabrication  of  optical  waveguides  we  used  a  commercial  low-repetition  rate  Tiisapphire  femtosecond  laser 
system  (1  mJ,  120  fs,  1  kHz,  Spectra-Physics,  Spitfire).  Laser  pulses  at  800  nm  with  an  energy  of  a  few  pJ  were 
focused  by  a  lOx  microscope  objective  with  a  numerical  aperture  of  NA  =  0.25  and  a  focal  length  of /=  15.6  mm  into 
the  transparent  samples  approximately  500  pm  below  the  surface.  The  samples  could  be  moved  perpendicular  to  the 
laser  beam  axis  as  shown  in  Fig.  1  by  a  computer  controlled  three-axis  positioning  system  (Physik  Instrumente, 
M— 126.DG)  with  a  maximum  velocity  of  1.5  mm/s.  The  third  axis  was  used  for  controlling  the  focal  position  inside  the 
target  (depth).  Using  this  setup,  waveguides  as  long  as  2.5  cm  have  been  written,  which  was  limited  only  by  the  travel 
range  of  the  positioning  system. 


Fig.  1:  Schematic  of  the  experimental  setup. 

To  measure  the  near-field  intensity  distribution  of  the  light  guided  in  the  fabricated  waveguides,  we  used  laser  radiation 
of  an  Ar-ion  laser  (1  mW)  at  514  nm  and  of  a  2  mW  laser  diode  at  1.54  pm  coupled  into  a  single  mode  fiber  with 
NA  =  0.11  (mode  field  diameter  3-4  pm).  In  order  to  couple  the  laser  radiation  into  the  fabricated  waveguides,  the  fiber 
was  brought  into  contact  with  the  polished  sample  surface.  The  near-field  distribution  of  the  guided  mode  was  obtained 
by  imaging  the  back-side  of  the  fabricated  waveguide  onto  a  CCD-camera.  By  careful  adjustment  of  the  fiber- 
waveguide  coupling,  single  propagation  modes  could  be  excited. 

Direct  measurements  of  the  refractive  index  profile  were  performed  using  a  commercial  refractive-near-field  (RNF) 
profilometer  (Rinck  elektronik,  Germany).  Absolute  values  of  the  refractive  index  were  obtained  by  repeating 
measurements  with  a  reference  sample  and  an  immersion  fluid  having  well-known  refractive  indices.  Although  the  RNF 
measurements  were  performed  at  a  wavelength  of  635  nm,  we  assume  that  the  measured  relative  changes  are 
approximately  the  same  for  other  wavelengths  as  well. 

In  addition,  the  waveguides  fabricated  in  crystalline  material  were  analyzed  with  respect  to  their  morphological 
structure  using  x-ray  topography  and  transmission  electron  microscopy  (TEM). 
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The  transversal  and  longitudinal  structure  sizes  produced  by  Gaussian  femtosecond  laser  pulses  focused  close  beneath 
the  sample  surface  can  be  estimated  from  the  well-known  expressions 

w0=M2fA/m>s,  b  =  2M2f2Xl7tws2,  (1) 

where  w0  is  the  radius  of  the  focal  spot,  ws  is  the  initial  beam  radius,  and  b  is  the  confocal  parameter.  In  our  case 
(A  =  800 nm,  M'  =  1.6,  and  ws/f~  NA  =  0.25),  Eq.  (1)  provides  the  following  estimates  for  the  transversal 
2w0  =  3.2  pm  and  longitudinal  b  =  13  pm  structure  sizes.  The  actual  dimensions  might  differ  slightly  from  that 
predicted  by  Eq.  (1).  When  the  laser  beam  is  focused  at  different  depths  inside  the  sample,  one  must  take  into  account 
the  spherical  aberration.  This  will  have  an  effect  not  only  on  structure  size  but  also  on  the  required  energy  to  induce  the 
modifications.  Deep  inside  the  sample  the  focus  size  will  grow  due  to  spherical  aberration  (for  the  axial  rays  the  focus  is 
located  closer  to  the  sample  surface  than  for  the  peripheral  rays).  Therefore,  the  laser  pulse  energy  which  is  required  for 
a  structural  modification  and  also  the  structure  size  will  grow  with  increasing  depth  of  the  focal  position  inside  the 
sample.  This  behavior  has  been  observed  in  recent  experiments  on  the  formation  of  voids  in  silica  glass.14 

While  the  influence  of  the  spherical  aberration  would  lead  to  slightly  larger  structures  (although  this  effect  is  small  due 
to  the  relatively  low  NA  of  the  objective  used),  the  actual  structure  dimensions  could  be  smaller,  since  the  simultaneous 
absorption  of  several  photons  at  A-  800  nm  is  required  to  induce  structural  modifications  (e.g.  at  least  five  photons  are 
required  in  fused  silica).  These  modifications  appear  above  a  certain  irradiation  threshold  which  depends  on  the  laser 
intensity  and  the  number  of  pulses.  Close  to  this  threshold  only  the  central  part  of  the  laser  pulse  with  the  highest 
intensity  can  induce  structural  modifications  inside  a  small  fraction  of  the  focal  volume  determined  by  Eq.  (1). 


3.  WAVEGUIDES  IN  GLASS 

Fig.  2  shows  a  polarization  contrast  optical  microscope  image  (top  view)  of  several  waveguides  written  in  fused  silica. 
While  the  waveguides  (bright)  are  hardly  visible,  they  can  be  easily  distinguished  from  the  traces  of  micro-destructions 
(dark),  where  a  higher  pulse  energy  was  used  to  mark  the  irradiated  area. 


Fig.  2:  Polarization  contrast  optical  microscope  image  of  waveguides  written  in  fused  silica  with  femtosecond  laser 
pulses. 


The  induced  refractive  index  modifications  are  very  stable.  We  observed  that  the  waveguiding  properties  were 
preserved  after  heating  the  samples  up  to  500  °C  for  several  hours.  In  contrast,  the  characteristic  fluorescence  of  color 
centers  excited  at  -600  nm  (see  Fig.  3),  which  are  known  to  be  formed  during  the  waveguide  fabrication  process,1 
disappears,  when  the  sample  is  heated  to  -400  °C.  After  this  annealing  process  no  fluorescence  emission  is  observable 
anymore,  while  the  near-field  distribution  of  the  guided  light  hasn't  changed.  These  observations  allow  to  conclude  that 
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the  refractive  index  modifications  in  fused  silica  and  the  waveguiding  properties  are  not  determined  by  the  generation  of 
color  centers. 


Fig.  3  t  Fluorescence  of  the  produced  waveguide  (color  centers)  excited  at  594  nm. 


Fig.  4:  Influence  of  the  writing  speed  on  the  waveguiding  properties  at  a  wavelength  of  514  nm.  Only 
the  highest  order  guided  modes  are  shown  for  a  writing  speed  of  (a)  1000  pm/s,  (b)  500  pm/s,  (c)  80  pm/s, 
and  (d)  25  pm/s. 

The  waveguiding  properties  are  not  only  dependent  on  the  laser  parameters  but  also  on  the  writing  speed  (i.e.  different 
spatial  overlap  of  successive  pulses  in  the  sample).  A  lower  writing  speed  and,  thus,  a  higher  number  of  pulses  results  in 
a  stronger  increase  of  the  refractive  index  change.  As  a  consequence,  the  near-field  distribution  is  different.  In  Fig.  4  the 
measured  near-field  intensity  distributions  of  waveguides  written  at  different  writing  speeds  is  shown.  In  all  cases  the 
highest  order  mode  for  514-nm  laser  radiation  that  is  guided  in  these  structures  is  shown.  At  writing  speeds  of 
1000  pm/s  (Fig.  4a)  and  500  pm/s  (Fig.  4b)  the  femtosecond  laser  induced  refractive  index  changes  are  small  and  only 
single  mode  operation  can  be  observed.  When  the  writing  speed  is  decreased  down  to  80  pm/s  (Fig.  4c)  and  25  pm/s 
(Fig.  4d)  the  refractive  index  increase  is  high  enough  that  higher  order  modes  are  guided  (in  the  horizontal  axis  the 
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waveguides  are  still  single  mode  due  to  the  smaller  diameter  in  this  direction  compared  to  the  vertical  axis).  RNF 
measurements  yielded  a  refractive  index  increase  of  about  An  *  510-4  for  a  writing  speed  of  1000  pm/s.  In  case  of  the 
slow  writing  speed  (25  pm/s)  the  measured  refractive  index  increase  amounts  to  An  =  31  O'3.  These  values  are  in  good 
agreement  with  previous  observations.6  * 


x[\im] 


Fig.  5:  Measured  refractive  index  profiles  ((a)  longitudinal  and  (b)  transversal)  of  the  waveguide  written  at  25  pm/s. 

Fig.  5  shows  a  RNF  measurement  of  the  waveguide  written  at  a  speed  of  25  pm/s.  The  longitudinal  (Fig.  5a)  and 
transversal  (Fig.  5b)  profiles  show  approximately  a  gaussian  shape  and  are  in  good  agreement  with  the  estimated 
structure  sizes  based  on  Eq.  (1).  Based  on  these  measurements  (approximated  by  Gaussian  distributions)  the  modes  that 
guide  light  of  a  certain  wavelength  can  be  identified.  The  field  distribution  of  the  guided  modes  was  calculated  using 
the  commercial  program  BeamPROP  4.0  (RSoft,  Inc.).  This  program  is  based  on  a  finite  difference  beam  propagation 
method  which  is  used  for  the  solution  of  the  Helmholtz  equation  in  the  paraxial  approximation.  The  calculated  intensity 
distribution  for  the  highest  order  guided  mode  at  a  wavelength  of  514  nm  is  shown  in  Fig.  6(a).  For  comparison,  the 
measured  near-field  intensity  profile  of  the  highest  order  mode  guided  in  the  corresponding  waveguide  is  shown  in  Fig. 
6(b).  The  measured  and  calculated  intensity  distributions  are  in  a  very  good  agreement. 
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Fig.  6:  Comparison  of  (a)  calculated  and  (b)  measured  guided  light  intensity  distributions  at  5 14  nm  for  the  waveguide 
written  at  25  pm/s.  For  the  calculations  the  measured  refractive  index  profile  of  Fig.  5  was  used. 

Single  mode  operation  can  be  achieved  even  in  the  waveguides  produced  at  a  writing  speed  of  25  pm/s  when  a  longer 
radiation  wavelength  is  used,  e.g.  1.54  pm,  which  is  important  for  optical  communications.  The  calculated  and 
measured  near-field  intensity  distributions  for  this  wavelength  are  shown  in  Fig.  7.  The  calculations  are  again  based  on 
the  measured  refractive  index  profiles  shown  in  Fig.  5. 
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Fig.  7:  Comparison  of  (a)  calculated  and  (b)  measured  guided  light  intensity  distributions  at  1.54  pm  for  the 
waveguide  written  at  25  pm/s.  At  this  wavelength  the  produced  waveguide  is  single-mode  in  agreement  with 
the  calculations. 


The  fabricated  waveguides  show  losses  significantly  lower  than  1  dB/cm  at  a  wavelength  of  514  nm.  This  value  has 
been  determined  by  measuring  the  transmission  after  different  waveguide  lengths  by  cutting  back  the  sample.  This 
allows  to  subtract  the  coupling  losses.  The  measured  damping  value  has  been  confirmed  by  measuring  the  exponential 
decay  of  the  straylight  along  the  waveguide  with  a  CCD  camera. 


4.  WAVEGUIDES  IN  CRYSTALS 

The  femtosecond  direct  writing  technique  is  not  only  suited  for  the  fabrication  of  waveguides  in  glass  but  also  in 
crystalline  materials.  Fig.  8  shows  a  polarization  contrast  optical  microscope  image  of  a  cross-cut  through  a  waveguide 
in  crystalline  a-quartz,  which  has  been  produced  with  the  same  setup  as  used  for  the  fused  silica  samples  but  at  a 
slightly  higher  pulse  energy  (14  pJ,  writing  velocity  0.1  mm/s). 


Fig.  8:  Polarization  contrast  optical  microscope  image  of  a  waveguide  (end  view)  written  in  crystalline  a-quartz  with 
femtosecond  laser  pulses. 

Fig.  8  shows  two  different  features.  The  dark,  central  area  corresponds  to  the  focal  area,  where  the  laser  radiation  was 
absorbed  (the  laser  beam  was  incident  from  the  top  of  the  image),  resulting  in  increased  scattering  losses.  This  dark  area 
is  surrounded  by  two  bright  regions  indicating  a  refractive  index  change.  The  maximum  refractive  index  increase  An  in 
these  regions  was  estimated  from  interferometric  analysis  to  be  A«  ~  0.01. 

Due  to  the  created  refractive  index  profile  light  can  be  guided.  Fig.  9  shows  a  near-field  intensity  distribution  of  514-nm 
radiation.  The  light  is  guided  not  in  the  central  part,  but  in  the  bright  areas  visible  in  Fig.  8.  Note  that  the  near-field 
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distribution  does  not  show  a  higher  order  mode  comparable  to  Fig.  6b  (in  that  case  the  peaks  would  have  to  be  oriented 
along  the  other  axis  since  the  Rayleigh-length  is  larger  than  the  beam  diameter). 
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Fig.  9:  Near-field  distribution  of  514  nm  radiation  guided  in  the  waveguide  produced  by  femtosecond  laser  pulses  in 
crystalline  a-quartz. 

This  is  confirmed  by  transmission  electron  microscopy  (TEM)  studies  of  the  modified  area.  For  that  purpose  thin  slices 
have  been  cut  from  the  laser  irradiated  crystals  parallel  to  the  beam  direction,  perpendicular  to  the  written  waveguide. 
These  slices  were  thinned  using  mechanical  polishing,  dimpling  and  ion  milling. 

Figure  10  shows  a  cross-sectional  TEM  image  of  the  modified  region.  The  irradiated  area  has  an  elliptical  shape  with  a 
width  of  about  1  pm  and  a  height  of  approximately  10  pm.  It  can  be  divided  into  three  parts  according  to  their  different 
contrasts.  Region  I  has  a  high  density  of  defects  but  the  material  is  still  crystalline.  The  central  part  II  is  amorphous,  and 
region  III  corresponds  to  a  crystalline  area  with  strong  strain  contrast. 


Fig.  10:  Cross-sectional  TEM  image  of  a  waveguide  written  with  femtosecond  laser  pulses.  Region  I  has  a  defective 
crystalline  structure,  region  II  is  amorphous,  region  III  shows  a  complex  strain  contrast  of  the  crystalline 
matrix. 

The  focal  area  that  has  been  irradiated  is  surrounded  by  a  region  showing  high  internal  strains  in  the  matrix.  This  can  be 
deduced  from  the  numerous  bending  contours  present  in  this  area.  Since  it  is  very  reasonable  that  this  strong  strain  field 
is  responsible  for  the  refractive  index  increase,  we  simulated  the  strain  field  by  the  finite  element  method  (FEM)  using 
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the  code  ANSYS.  As  input  we  used  an  expanding  ellipse  with  the  a  diameter  ratio  of  1:10  embedded  in  a  crystalline 
quartz  matrix. 

A  two-dimensional  solution  was  obtained  within  isotropic  elastic  approximations  using  the  elastic  constants  of  fused 
silica  (E  =  72  Gpa,  V  =  0.17)15.  The  inner  phase  was  simulated  with  a  Active  thermal  expansion  coefficient  a  of  0.06 
and  a  Active  temperature  change  AT  of  unity.  The  value  a- AT  reAects  the  length  change  from  crystalline  to  amorphous 
quartz  according  to  the  density  change  of  the  bulk  quartz  matrix  during  amorphization.16  Figure  11  displays  the 
hydrostatic  pressure  distribution,  given  by  the  trace  of  the  strain  tensor,  according  to  the  FEM  results.  Since  the 
simulation  does  not  reAect  the  actual  behavior  of  the  inner  part,  the  soludon  is  not  valid  inside  the  irradiated,  ellipsoidal 
region.  Two  maxima  of  the  strain  distriburion  are  clearly  visible  on  both  sides  of  the  central  ellipse.  These  maxima 
reAect  a  local  increase  in  the  material  density,  to  which  the  refractive  index  is  proportional  in  a  Arst  approximation. 
These  results  of  the  simulation  are  in  agreement  with  the  polarization  contrast  microscope  image  (Fig.  8). 


Fig.  11:  Distribution  of  the  hydrostatic  pressure  in  the  quartz  matrix  after  irraditiation  with  femtosecond  laser  pulses 
(expansion  of  the  central,  elliptical  area)  according  to  the  FEM  calculations.  The  solution  is  not  vatid  in  the 
central  area. 

The  results  of  the  TEM  analysis  are  confirmed  by  x-ray  topography  measurements.  These  measurements  yield  a 
strongly  disturbed  core  with  an  area  of  approximately  1  x  10  pm2  (in  agreement  with  the  TEM  analysis).  After  a  short 
transition  zone  of  -50  nm,  this  central  core  is  surrounded  by  a  deformed  crystalline  lattice. 

The  measured  losses  of  the  waveguides  in  crystalline  quartz  are  lower  than  5  dB/cm.  This  is  signiAcantly  higher  than  in 
glass,  which  is  probably  due  to  the  disturbed  central  area.  However,  the  produced  refractive  index  changes  are  very 
stable.  They  remain  present  even  after  thermal  annealing  at  1200°C  for  several  hours. 


5.  CONCLUSION 

In  conclusion,  optical  waveguides  have  been  fabricated  by  femtosecond  laser  pulses  inside  glasses  and  crystalline 
quartz.  In  fused  silica  we  demonstrated  refractive  index  changes  up  to  Air  =  310'3  and  waveguides  with  losses  below 
1  dB/cm.  It  has  been  shown  that  by  changing  only  one  parameter  (the  writing  speed)  it  is  possible  to  produce 
waveguides  with  a  controllable  mode  number.  For  a  laser  wavelength  of  514  nm  both  single  mode  and  multimode 
waveguides  with  a  controllable  mode  number  have  been  fabricated.  At  the  telecommunication  wavelength  of  1.54  pm 
all  fabricated  waveguides  showed  single-mode  operation.  In  both  cases  the  measured  near-Aeld  intensity  distributions 
were  in  good  agreement  with  simulations  based  on  the  measured  refractive  index  proAles. 

In  crystalline  a-quartz  refractive  index  changes  of  up  to  An  =  0.01  have  been  realized,  which  were  stable  up  to 
temperatures  above  1200  °C.  Based  on  these  modiAcations  waveguides  with  losses  below  5  dB/cm  have  been  produced. 
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Micromorphological  TEM  and  x-ray  analyses  have  revealed  that  the  irradiated  quartz  has  lost  its  crystalline  structure 
and  was  transformed  into  amorphous  material.  Due  to  the  amorphization  the  material  expanded  and  produced  strong 
strains  in  the  surrounding  matrix,  which  are  responsible  for  the  refractive  index  increase.  This  has  been  confirmed  by 
FEM  simulations.  The  light  is  in  this  case  not  guided  in  the  irradiated  area  but  in  the  surrounding  modified  region, 
which  is  still  crystalline.  ”  ° 
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ABSTRACT 

When  femtosecond  laser  pulses  are  tightly  focused  inside  the  bulk  of  transparent  materials,  the  intensity  in  a 
focal  volume  becomes  high  enough  to  produce  submicrometer-scale  structural  modifications.  The 
modifications  has  been  applied  to  fabricate  three-dimensional  photonic  structures.  Tightly-focused 
femtosecond  laser  pulses  create  voids,  which  are  surrounded  by  densified  material.  In  this  paper  we  show  that 
the  shapes  of  voids  can  be  controlled  by  the  spatial  profile  of  incident  laser  pulses.  We  also  show  that  the 
diffraction  intensities  due  to  the  fabricated  arrays  of  voids  depend  on  the  polarization-states  of  the  readout 
beam.  Finally  we  demonstrate  that  irradiation  of  femtosecond  laser  pulses  moves  a  void  inside  calcium 
fluoride  and  silica  glass  without  any  mechanical  translations  of  the  optical  system.  In  situ  observation 
revealed  that  a  void  moves  towards  incident  direction  of  laser  pulses  as  long  as  2  micron. 

Keywords:  ultrashort  laser  pulses,  nonlinear  optics,  micromachining,  birefringence,  glass 

1.  INTRODUCTION 

When  a  femtosecond  laser  pulse  is  focused  inside  the  bulk  of  a  transparent  material,  the  intensity  in  a  focal 
volume  becomes  high  enough  to  produce  permanent  structural  modifications.  This  three-dimensional 
modifications  has  been  utilized  as  optical  data  storage,1'3  waveguides,4"7  gratings,8’9  couplers,10’11  and  hole 
drilling12  inside  a  wide  variety  of  transparent  materials  including  glasses,  crystals,  and  plastics. 
Submicrometer-damages  are  produced  by  tightly-focusing  femtosecond  laser  pulses  with  high  numerical- 
aperture  (NA)  lenses.  The  damages  were  demonstrated  to  be  cavities  or  voids  surrounded  by  densified 
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material.1,2  In  this  paper  we  show  that  the  shapes  of  voids  can  be  controlled  by  the  spatial  profile  of  incident 
laser  pulses.  We  also  show  that  the  diffraction  intensities  due  to  the  fabricated  arrays  of  voids  depend  on  the 
polarization-states  of  the  readout  beam.  We  have  recently  demonstrated  the  optical  movement  of  a  void  and 
merger  of  two  voids  along  the  optical  axis  by  the  translation  of  the  focal  spot  of  a  focusing  lens.3  We  show 
that  the  void  continues  to  move  inside  calcium  fluoride  and  silica  glass  during  irradiation  of  femtosecond 
laser  pulses  without  any  mechanical  translations  of  optical  components. 13  In  situ  observation  revealed  that  a 
void  moves  towards  incident  direction  of  laser  pulses  as  long  as  2  micron  by  a  train  of  successive  laser  pulses. 
We  also  move  a  void  along  perpendicular  direction  to  the  beam  propagation  axis  by  translation  of  the  focal 
volume  of  a  focusing  lens. 


2.  EXPERIMENTAL  SETUP 


The  experiments  were  performed  with  a  regeneratively  amplifier  of  Ti:sapphire  laser  system  (Spectra-Physics, 
Inc.,  Hurricane),  which  produces  130-fs,  800-nm  pulses  at  1  kHz.  Figure  1  shows  a  schematic  of  the 
experimental  setup.  The  beam  was  magnified  by  the  help  of  a  concave  lens  LI  with  a  focal  length  /of 
negative  60  mm  and  an  achromatic  convex  lens  L2  300  mm).  The  central  part  of  the  beam  was  truncated 
by  an  aperture  (diameter;  5  mm)  to  give  uniform  spatial  profile.  The  pulse  energy  was  controlled  by  a  half¬ 
wave  plate  and  a  polarizer.  The  linearly  polarized  laser  pulses  were  tightly  focused  by  a  high-NA  microscope 
objective  (NA,  0.55)  to  localize  structural  changes.  The  four-sides  of  the  samples  were  optically  polished  to 
obtain  sideview  of  bulk  modifications.  To  visualize  the  structural  change  in  situ,  optical  images  of  the  voids 
were  observed  from  the  direction  perpendicular  to  the  optical  axis  by  a  transilluminated  optical  microscope. 


Fig.  1:  Schematic  of  experimental  setup  for  creation  by  femtosecond  laser  pulses  and  in  situ  observation  of 
voids.  ND,  HWP,  and  P  denote  neutral  density  filter,  half-wave  plate,  and  polarizer,  respectively.  OBI  and 
OB2  indicate  objective  lenses.  LI  and  L2  indicate  lenses. 


3.  SHAPE  OF  VOIDS  AND  POLARIZATINAL  DEPENDENCE 

3.1  Shapes  of  voids  by  focusing  spatially-controlled  beam 

We  investigate  how  the  spatial  profiles  of  incident  laser  pulses  affect  to  the  shapes  of  voids.  Rectangular 
masks  were  placed  in  front  of  OBI  to  give  spatially  controlled  beam.  The  central  part  of  the  beam  passed 
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through  the  mask  which  was  shown  in  Figs.  2  (a)  or  (b).  The  laser  pulses  were  focused  at  the  depth  of  the 
sample  of  300  pm  in  silica  glass.  The  shape  of  mask  was  rectangular  and  its  size  was  4  mm  x  0.8  mm.  The 
pulse  energy  was  0.8  pj/pulse  in  front  of  the  mask.  Eight  successive  pulses  were  normally  launched  during 
the  exposure  time  of  1/125  s.  After  we  fabricated  the  voids,  the  surface  of  the  sample  was  polished  down  until 
the  surface  level  was  at  the  level  of  the  voids  and  was  observed  under  a  scanning-electron  microscope  (SEM). 
Figures  2  (c)  and  (d)  show  photographs  of  SEM  images  of  fabricated  voids  with  mask  (a)  and  (b), 
respectively.  When  we  used  the  mask  of  Fig.  2  (a),  the  shape  of  voids  was  elongated  along  y  axis.  On  the 
other  hand,  when  we  used  the  mask  of  Fig.  2  (b),  the  shape  of  voids  was  elongated  along  x  axis.  The  shapes  of 
the  voids  can  be  controlled  by  those  of  masks. 


(c)  (d) 


Fig  2:  (a),  (b)  Rectangular  masks  placed  in  front  of  the  focusing  objective  to  control  spatial  profile  of  the 
focusing  beam,  (c),  (d)  SEM  images  of  fabricated  voids  with  mask  (a)  and  (b),  respectively. 


3.2  Fabrication  of  two-dimensional  array  of  voids  and  polarizational  dependence  of  diffraction 
intensity 

We  fabricated  a  periodic  structure  and  investigated  the  dependence  of  diffraction  intensities  on  the 
polarization-state  of  readout  beam.  The  fabrication  of  an  array  of  voids  was  performed  by  displacing  the 
sample  in  the  xy  plane  perpendicular  to  the  laser  propagation  axis  by  steps  of  5  pm.  We  fabricated  100  x  100 
voids  at  the  depth  of  200  pm  through  the  mask  which  was  shown  in  Fig.  2(b).  Figure  3  shows  an  optical 
image  of  the  two-dimensional  array  of  voids.  The  image  was  observed  under  illumination  by  halogen  lamp. 
The  shapes  voids  elongated  along  x  axis.  Two-dimensional  array  of  voids  forms  a  periodic  diffraction  pattern. 
Figure  4  shows  a  far-field  diffraction  pattern  of  a  cw-He-Ne  laser  beam  at  the  wavelength  of  633  nm 
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transmitted  through  the  array  of  voids  embedded  in  silica  glass.  The  central  undiffracted  beam  is  blocked.  The 
diffraction  pattern  is  distorted  by  spherical  aberration  of  the  rear  surface  of  the  sample. 


Fig.3:  Optical  image  of  two-dimensional  array  of  voids.  The  voids  were  elongated  along  x  axis. 


Fig.4:  Far-field  diffraction  pattern  of  a  He-Ne  laser  beam  transmitted  through  the  array  of  voids  written  in 
silica  glass. 

The  diffraction  intensities  due  to  the  grating  were  measured.  Figure  5  shows  that  the  intensities  of  the 
beams  diffracted  along  y  axis  were  plotted  as  a  function  of  polarizational  angle  of  readout  beam.  The  He-Ne 
laser  beam  was  linearly  polarized  by  a  polarizer  and  the  polarization  of  the  beam  was  rotated  by  a  half-wave 
plate.  The  original  of  direction  of  electric  field  or  polarization  position  angle  was  set  to  be  +*-axis  and  a 
polarization  position  angle  was  measured  with  the  anti-clock-wise  angle  from  the  original.  Diffraction 
intensities  of  first  order  to  fourth  order  sinusoidally  vary  with  the  polarizational  angle.  Diffraction  intensity 
with  x-polarized  beam  is  twice  as  large  as  that  with  y-polarized  beam.  The  diffraction  intensities  due  to  the 
fabricated  arrays  of  voids  depend  on  the  polarization-states  of  the  readout  beam. 
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Fig.  5:  Diffraction  intensities  due  to  the  fabricated  arrays  of  voids  depend  on  the  polarization-states  of  the 
readout  beam. 


3 3  Etching  experiments 

After  we  fabricated  the  voids  without  any  masks  in  silica  glass,  the  sample  was  polished  down  until  the 
surface  level  was  at  the  level  of  the  voids.  The  sample  was  etched  with  5  mol  •%  during  1  minutes.  Figure  6 
shows  a  photograph  of  a  SEM  image  before  and  after  etching.  The  modificated  region  was  with  a  diameter  of 
1  micron  after  etching,  which  may  correspond  to  the  compacted  region  around  the  void.  We  also  found  the 
several  cracks  running  outer  ward  from  the  void.  These  cracks  imply  the  presence  of  strong  expansion  due  to 
compaction  of  the  glass. 


1  pm  1  p.m 


Fig.  6:  SEM  images  before  and  after  etching  The  sample  was  etched  with  5  mol  •%  during  1  minutes. 


4.  MOVEMENT  OF  VOIDS  UNDER  SUCCESIVE  IRRADIATION  OF  LASER  PULSES 

We  have  recently  demonstrated  the  optical  movement  of  a  void  and  merger  of  two  voids  along  the  optical  axis 
by  the  translation  of  the  focal  spot  of  a  focusing  lens.3  We  show  that  the  void  continues  to  move  inside 
calcium  fluoride  and  silica  glass  during  irradiation  of  femtosecond  laser  pulses  without  any  mechanical 


Proc.  SPIE  Vol.  4637 


201 


translations  of  optical  components. 13  We  will  show  in  the  following  the  experiments  with  3-mm-thick  plate  of 
calcium  fluoride  at  room  temperature,  however,  similar  effects  were  also  observed  for  amorphous  silica  glass. 
We  investigated  the  movement  of  voids  by  changing  the  number  of  laser  shots  under  fixed  pulse  energy.  We 
operated  the  laser  system  at  a  repetition  rate  of  1  Hz.  We  created  voids  in  the  bulk  calcium  fluoride  at  a  depth 
of  200  pm  beneath  the  surface.  The  energy  threshold  for  the  observable  permanent  structural  change  was  386 
nJ/pulse  by  a  single  shot.  The  number  of  laser  shots  was  varied  from  1  shot  to  5  shots.  As  the  number  of  laser 
shots  increased,  the  void  moved  toward  -z  direction  and  the  optical  images  of  the  void  became  darker.  In  situ 
observation  showed  that  the  laser  pulses  began  to  flash  around  the  void  after  creation  of  the  void.  We  showed 
that  the  void  moved  approximately  by  2  pm  in  the  z  direction  by  successive  irradiation  of  laser  pulses  without 
any  mechanical  translations.  This  direction  of  movement  coincides  with  the  translation  of  a  void  reported  by 
our  group.  As  we  increased  the  number  of  laser  shots  more  than  five  pulses,  the  shape  of  void  seemed  to  be 
elongated  along  z  direction  and  then  the  second  void  was  visible  around  the  original  location  of  first  void.  We 
investigated  the  distance  of  movement  with  respect  to  the  incident  energy. 

The  minimum  possible  spacing  between  two  adjacent  voids  was  3  pm  and  7  pm  in  y  axis  and  z  axis, 
respectively.  This  is  because  the  focal  area  where  the  intensity  is  high  is  considered  to  be  cylindrical.  We 
could  move  two  separated  voids  simultaneously.  After  creation  of  a  void,  another  void  was  created  with  a 
spacing  of  5  pm.  We  set  the  focal  point  of  the  focusing  lens  in  the  middle  of  two  voids.  Then  we  irradiated 
laser  pulses.  Two  voids  move  toward  -z  direction  at  the  same  time  shot  by  shot. 

So  far  we  only  moved  the  void  in  the  -z  direction.  We  succeeded  in  lateral  movement  of  a  void  along 
the  axis  perpendicular  to  the  beam  propagation  axis  for  the  first  time.  Figures  7  show  optical  images  of 
movement  of  voids  observed  in  the  yz  plane  under  illumination  by  unpolarized  halogen  lamp.  The  black 
region  in  the  image  corresponds  to  the  void.  The  beam  propagation  direction  of  the  femtosecond  laser  pulses 
(+  z  direction)  was  left  to  right  in  the  plane  of  the  image.  We  created  several  voids  and  set  the  focal  point  of 
the  objective  lens  in  the  upper  left  in  the  figure.  Then  we  created  a  void  (Fig.7  (a)).  We  translated  the  focal 
point  of  the  focusing  objective  to  the  +y  direction  by  1  pm  and  irradiated  laser  pulses.  The  void  hopped 
upward  in  the  figure.  We  repeated  the  procedure  (Fig.  7  (b)-(d».  The  void  moves  by  2  pm  along  the  direction 
perpendicular  to  optical  axis. 


Fig.  7:  Lateral  movement  of  a  void  perpendicular  to  the  beam  propagation  axis. 

The  movement  of  the  void  is  attributed  to  the  repetition  of  localized  melting  and  resolidification  by 
irradiation  of  successive  laser  pulses.  The  physical  characteristics  of  the  surrounding  region  and  the  trajectory 
after  the  movement  of  the  void  may  change  due  to  the  structural  transition  caused  by  the  breaking  of  bonds  in 
the  materials  followed  by  melting  and  resolidification.  Details  of  material  changes  are  still  open  for  question. 


CONCLUSIONS 

We  showed  that  the  shapes  of  voids  can  be  controlled  by  the  spatial  profile  of  incident  laser  pulses.  We  also 
show  that  the  diffraction  intensities  due  to  the  fabricated  arrays  of  voids  depend  on  the  polarization-states  of 
the  readout  beam.  We  demonstrated  the  observation  that  a  void  moves  under  irradiation  of  femtosecond  laser 
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pulses  inside  calcium  fluoride  and  silica  glass.  In  situ  observation  revealed  that  the  void  moved  towards 
incident  direction  of  laser  pulses  as  long  as  2  micron  by  successive  laser  pulses  without  any  mechanical 
translations  of  optical  systems.  We  demonstrated  lateral  movement  of  a  void  along  the  axis  perpendicular  to 
the  beam  propagation  axis  Studies  of  movement  of  voids  may  lead  to  applications  to  the  devices  of  optical 
information-processing  and  communication  such  as  the  rewritable,  three-dimensional,  and  high-speed  optical 
storage  and  reconfigurable  micro-structures  inside  transparent  materials.  The  present  study  also  suggests  that 
one  allows  to  fabricate  micro  birefringent  structures  inside  silica  glass. 
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ABSTRACT 

Fundamental  questions  arise  regarding  the  possibility  and  nature  of  melting  and  the  ensuing  mechanism  of  ablation  in 
femtosecond  laser  processing  of  materials.  A  comprehensive  experimental  study  is  presented  to  address  these  issues  in 
depth  and  detail.  The  mechanisms  of  ultra-fast  (femtosecond)  laser-induced  phase-transformations  during  the  laser 
interactions  with  materials  have  been  investigated  by  time-resolved  pump-and-probe  imaging  in  both  vacuum  and 
ambient  environment.  The  temporal  delay  between  the  pump  and  probe  pulses  is  set  by  a  precision  translation  stage  up 
to  about  500  ps  and  then  extended  to  the  nanosecond  regime  by  an  optical  fiber  assembly.  Ejection  of  material  in  the 
form  of  nanoparticles  is  observed  at  several  picoseconds  after  the  main  (pump)  pulse.  The  ignition  of  surface-initiated 
plasma  into  the  ambient  air  immediately  following  the  pump  pulse  and  the  ejection  of  ablated  material  in  the  picosecond 
and  nanosecond  time  scales  have  been  probed  by  high-resolution,  ultra-fast  shadowgraphy.  To  further  dissect  the  origin 
and  evolution  of  the  ablation  process,  a  double  pulse  experiment  has  been  implemented,  whereby  both  the  pump  and 
probe  pulses  are  split  into  two  components  each  separated  by  variable  temporal  delays.  A  diffractive  optical  element  is 
used  to  fabricate  micro-channels  in  silicon  wafers. 

Key  words:  Femtosecond  laser,  ablation,  pump-and-probe,  double  beam,  diffractive  optical  element 


1.  INTRODUCTION 

1.1  Femtosecond  laser  source 

Ultra-short  laser  pulses  impart  extremely  high  intensities  and  provide  precise  laser-ablation  thresholds  at  substantially 
reduced  laser  energy  densities.  Thorough  knowledge  of  the  short-pulse  laser  interaction  with  the  target  material  is 
essential  for  controlling  the  resulting  modification  of  the  target  topography.  Pulsed  lasers  are  attractive  for  one-step 
micro-machining  of  sensitive  microstructures  and  micro-electro-mechanical  system  (MEMS)  components.  The  use  of 
ultra-short  pulses  with  correspondingly  high  laser  intensities  reduces  the  extent  of  the  heat  penetration  into  the  target  and 
facilitates  the  instantaneous  material  expulsion.  This  enables  high  aspect  ratio  cuts  and  features,  free  of  debris  and  lateral 
damage1  .  Therefore,  the  ablation  process  is  extremely  stable  and  reproducible.  As  a  result,  the  produced  structure  size 
is  not  limited  by  thermal  or  mechanical  damage,  i.e.,  melting,  formation  of  burr  and  cracks,  etc.  Thus,  the  minimal 
achievable  structure  size  is  limited  only  by  diffraction  to  the  order  of  the  wavelength4. 

1.2  Femtosecond  laser  interaction  with  solids 

Femtosecond  time-resolved  experiments  upon  ultra-fast  irradiation  have  shown  the  existence  of  a  high-reflectivity  phase 
for  laser  fluences  exceeding  a  critical  threshold5.  Yet,  many  fundamental  questions  remain  concerning  the  physical 
origin  of  the  vaporization  process  under  the  extreme  non-equilibrium  conditions  imposed  by  femtosecond  laser 
irradiation  .  The  possibility  and  role  of  explosive  vaporization  in  the  ultra-short  pulse  regime  are  unclear.  Liquid 
expulsion  in  the  form  of  droplets  could  account  for  enhanced  ablation  rate7.  However,  the  recoil  pressure,  the  triggering 
of  molten  liquid  surface  instability,  and  the  subsequent  liquid  phase  decomposition  are  not  well  understood. 

1.3  Diffractive  optical  elements 

Diffractive  optical  elements  (DOE)  could  be  valuable  optics  for  micromachining.  The  most  useful  equation  for 
understanding  DOE  can  be  written  by  assuming  first  order  diffraction  and  normal  incidence  as  follows. 

•  *  * 

sm  0  =  —  (1) 
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where  9  is  diffracting  angle,  X  is  wavelength  of  the  incoming  light,  and  d  is  the  period  of  the  gratings.  If  we  hold  the 
period  d  constant  in  one  dimension  across  the  aperture,  for  instance,  a  linear  phase  grating  can  be  obtained  to  steer  the 
incoming  beam.  If  hundreds  of  gratings  with  different  periods  in  one  dimension  across  an  aperture  are  superposed, 
complex  intensity  shapes  can  be  produced  from  any  incoming  beam.  The  design  of  complex  extended  images  is  then 
computationally  intensive.  A  uniform  rectangle  intensity  pattern  can  be  used  for  rectangular  channel  fabrication.  Micro¬ 
fluidic  channels  used  for  biological  applications  and  micro  heat  exchangers  can  be  fabricated  using  this  procedure. 
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Fig.  1  Schematic  diagram  of  experiment 


This  paper  presents  an  experimental  study  on  the  interaction  of  femtosecond  laser  pulses  with  crystalline  silicon 
semiconductor  wafers.  The  ablative  material  removal  process  is  monitored  by  utilizing  ultra-fast  pump-and-probe 
imaging  supplemented  by  a  fiber  optic  technique.  Two  pump  beams  and  two  probe  beams  are  used  for  observing  plasma 
dynamics  as  well  as  shockwave  propagation  in  ambient  environment.  The  two  pump  beams  have  a  fixed  delay  time 
ranging  from  1  to  50  ps  to  more  deeply  explore  the  explosive  ablation  mechanism.  Futher,  a  diffractive  optical  element  is 
used  for  fabrication  of  micro-fluidic  channels. 


2.  EXPERIMENT 


2.1  Experimental  apparatus 

A  detailed  schematic  of  the  experimental  apparatus  is  shown  in  Fig.  1.  A  femtosecond  mode-locked  seed  beam  of  14  nm 
bandwidth,  pulse  energies  in  die  nanojoule  range  and  repetition  rate  of  80  MHz  is  emitted  from  a  Tksapphire  oscillator 
pumped  by  a  diode  laser.  A  pulsed  Nd:YLF  operating  at  the  repetition  rate  of  1  kHz  pumps  the  seed  beam  through  a 
regenerative  amplifier  Using  the  chirped  pulse  amplification  technique,  ultra-short  pulses  are  generated  with  a  FWHM 
pulse  width  of  about  83  fs,  800  nm  wavelength  and  1  mJ  maximum  pulse  energy.  Fluctuations  of  the  beam  energy  were 
measured  to  be  within  1  %  of  mean  value. 
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During  the  present  experiment,  single  pulses  were  used  at  variable  pulse  energies  of  0.034  mJ  ~  0.36  mJ  focused  onto 
about  a  100  pm-diameter  spot.  This  corresponds  to  energy  fluences  of  0.42  ~  4.6  J/cm2.  The  collinear  scheme  was 
applied  to  facilitate  alignment  of  the  two  split  beams  (pump  and  probe  beam,  both  normal  to  the  sample),  and  was 
ensured  by  passing  them  through  two  identical  iris  apertures.  Split  by  the  polarizing  beam  splitter,  the  second  probe 
beam  was  used  to  take  the  shadowgraph  viewed  from  the  side.  The  position  of  the  focal  waist  and  the  focal  spot  size  of 
the  pump  beam  were  determined  by  the  knife-edge  technique8. 

2.2  Detailed  description  of  beam  path 

The  pump  and  probe  beam  paths  are  indicated  by  the  solid  and  dotted  lines,  respectively.  A  10  %  portion  of  the 
fundamental  800  nm  beam  (probe  beam)  served  to  generate  a  frequency-doubled  (A=400  nm)  beam  through  the 
nonlinear  crystal  (NLC).  The  remaining  90%  of  the  original  beam  (pump  beam)  was  utilized  to  heat  up  the  sample.  The 
pump  beam  was  horizontally  (P)  polarized  before  hitting  NLC.  The  NLC  changes  the  polarization  to  vertical  (S).  A  half- 
waveplate  (A/2)  then  changes  the  polarization  back  to  P  so  that  it  can  pass  through  the  polarizing  beam  splitters  (PBS1 
and  PBS2),  which  transmits  P-polarized  and  reflects  S-polarized  light.  The  beam  is  then  converted  to  circularly  polarized 
by  a  quarter  waveplate  (A/4).  The  dichroic  mirror  (DM)  reflects  the  frequency-doubled  beam  but  transmits  the  pump 
beam.  The  probe  beam  arrives  at  the  sample  at  specified  delay  time  after  the  irradiation  by  the  pump  beam.  A 
micrometer  stage  is  employed  to  set  this  time  delay.  The  accuracy  of  the  pump-and-probe  experiment  depends  on  precise 
alignment  of  the  heating  and  interrogating  beams.  Errors  introduced  by  misalignment  of  the  two  beams  were  thoroughly 
examined  as  suggested  by  Capinski  and  Maris9.  In  the  present  experiment,  the  axes  of  the  probe  beams  in  and  out  of  the 
delay  stage  were  aligned  parallel  to  the  stage  travel  direction.  No  shift  of  the  probe  beam  intensity  distribution  was 
detected  up  to  about  100  ps. 

The  reflected  probe  beam  was  directed  through  the  A/4  waveplate  so  that  its  polarization  was  converted  to  S  and  after 
passing  through  the  polarizing  beamsplitter  (PBS)  formed  an  image  of  the  heated  target  area  at  the  focal  plane  of  a  250 
mm  lens.  The  image  was  relayed  via  an  interference  filter  centered  at  400  nm,  a  lOOx  microscope  objective  and  a  lOx 
eyepiece  to  a  CCD  camera.  The  camera  was  connected  to  a  digital  image  acquisition  board  of  a  personal  computer.  The 
board  was  triggered  by  a  delay  pulse  generator  that  also  synchronized  the  firing  of  the  femtosecond  laser  pulse.  The 
acquired  digitized  image  was  then  processed  by  software  to  extract  the  gray  scale  intensity  distribution. 

Reflected  by  PBS1,  the  second  probe  beam  was  used  to  take  shadowgrahps  of  the  ablation  process  in  conjunction  with  a 
super  long  working  distance  objective  lens  and  a  CCD  camera.  The  plasma  thickness  in  this  case  can  be  estimated  to  be 
a  few  micrometers  at  an  elapsed  time  of  a  few  tens  of  picoseconds.  Hence,  alignment  of  the  lens  with  respect  to  the 
workpiece  placement  is  critical  to  this  experiment.  Sample  rotation  and  tilt  were  thoroughly  examined  so  that  the  single 
shot  measurement  can  have  reasonable  consistency.  For  shock  wave  propagation  measurement  at  longer  time  delay, 
optical  fiber  was  used.  Beam  coupling  into  the  fiber  optical  component  is  critical  for  obtaining  the  smooth  Gaussian 
profile. 


3.  RESULTS  AND  DISCUSSION 


3.1  Plasma  dynamics 

Time-resolved  surface  images  taken  at  various  time  steps  reveal  many  physical  phenomena  as  shown  in  Fig.  2.  The 
plasma  annealing  mechanism10  is  monitored  by  the  enhanced  reflectivity  recorded  in  the  early  stage  of  the  heating 
process  ( t  <  2-3  ps),  indicating  presence  of  a  dense  electron-hole  plasma  or  a  non -thermal  liquid  phase.  The  post- 
analyzed  absolute  reflectivity  data  at  the  center  in  Fig.  3  reveal  this  mechanism  is  active  up  to  2  or  3  ps.  Diffusion  and 
recombination  of  electron-hole  pairs  lead  to  lower  reflectivity  between  2  and  4  ps.  This  process  seems  to  last  longer  for 
the  higher  energy  fluences  due  to  denser  electron  hole  plasma.  Additionally,  the  reflectivity  drops  more  sharply  for  the 
higher  fluences  as  shown  in  Fig.  3  (a).  Based  on  the  measured  reflectivity,  it  can  be  stated  that  material  ablation  starts  at 
around  10  ps.  It  should  be  noted,  however,  that  energetic  electrons  overcoming  work  function  can  escape  from  the  target. 
Consequently,  the  electric  field  created  by  the  charge  separation  between  the  escaping  electrons  and  parent  ions 
effectively  pulls  ions  out  of  the  target. 

Side-view  shadowgraphs  in  Fig.  4  provide  direct  visualization  of  plasma  development  supporting  this  argument.Gradual 
darkening  of  the  central  portion  of  the  irradiated  area  was  observed  for  longer  elapsed  times  due  to  the  emergence  of  a 
very  thin  layer  consisting  of  a  mixture  of  nanometer-sized  scattering  particles  in  the  proximity  of  the  sample  surface. 
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(a)  0  to  10  ps 


(b)  0  to  500  ps 


Fig.  3  Time  resolved  surface  reflectivity  @  fluence  of  1.5  J/cm2 

The  side  view  picture  at  10  ps  does  not  differ  significantly  from  the  initial  image  (a)  and  does  not  show  the  dark 
protrusion  depicted  in  (c),  (d),  and  (e).  The  dark  spot  extruded  from  the  sample  has  been  observed  at  around  50  ps  in 
case  of  the  side  view  images.  Figures  4(d)  and  5(e)  reveal  a  distinct  curved  front  moving  towards  the  sample,  implying 
discontinuity  of  electron  density  and  therefore  of  the  refractive  index.  Such  density  jumps  induced  by  rarefaction 
pressure  waves  have  been  predicted  theoretically11. 

3.2  Shock  wave  formation  and  propagation 

Shockwave  propagation  and  material  ablation  for  single  beam  irradiation  at  longer  pump-to-probe  elapsed  times  are 
shown  in  Fig.  5.  Spherical  shock  wave  front  shape  is  eminent  at  18.2  ns.  While  the  initial  shock  wave  propagation  is 
remarkably  fast,  the  much  slower  ablation  front  becomes  visible  beyond  29.8  ns.  Under  the  assumption  of  a  perfect  gas 
with  constant  specific  heats  and  density,  the  explosion  liberates  extremely  high  energy  density  in  a  small  volume  during 
a  short  time  interval.  A  shock  wave  is  then  launched  into  the  ambient  gas  emanating  from  the  point  of  energy  release. 
The  self  similar  solution  for  the  instantaneous  point  source  explosion  is  of  the  form12. 
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(a)  Probe  only  (b)10ps  (c)  lOOps  (d)  300  p;  (e)500ps 


Fig.  4  Side  viewed  images  @  fluence  of  1.5  J/cm2 


Fig.  5  Shock  wave  propagation 
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where  ^  is  a  constant  close  to  unity,  E  is  the  energy  released  at  R= 0  and  t=0,  t  is  the  elapsed  time,  and  pis  the  density  of 
undisturbed  air.  From  the  measured  R  and  t,  the  energy  released,  E,  was  estimated  to  be  7.9  pJ  for  F=1.0  J/cm2  and  20.4 
pJ  for  F=1.5  J/cm2.  This  is  about  15  %  and  26  %  of  absorbed  energy  considering  34  %  of  reflection  on  the  silicon 
surface  (The  incident  laser  energy  is  81  and  120  pJ,  respectively.). 

3.3  Double  beam  irradiation 

Figure  6  shows  successive  images  taken  at  various  probing  times,  while  the  delay  time  between  the  two  pump  beams  is 
fixed.  Two  sets  of  images  look  similar  in  terms  of  shock  wave  propagation.  Indeed,  the  shock  travels  with  nearly  the 
same  speed,  while  the  released  energy  is  about  33  pJ.  Compared  with  the  single  beam,  the  double  beam  ablated  plasma 
is  stronger  and  faster.  However,  the  ablation  front  emerging  from  the  irradiated  surface  is  barely  visible  at  t=40.4  ns, 
contrasted  with  the  corresponding  image  for  single  beam  ablation.  In  summary,  the  plume  pushes  the  ambient  harder  but 
at  the  same  time,  the  recoil  pressure  launched  by  the  first  pump  beam,  together  the  plasma  generated  by  the  second  pump 
beam  affect  the  plasma  distribution. 

Von  der  Linde  and  Sokolowski-Tinten  estimated  the  elapsed  time  for  the  formation  of  expansion  layer  to  be  around  40 
ps  .  X-ray  diffraction  with  femtosecond  time  resolution  could  also  detect  non-thermal  melting  of  semiconductor 
materials  14'16.  In  fact,  Cavalleri  et  al.  observed  thermal  liquid  layer  of  germanium  at  the  time  of  6  ps,  expanding  up  to 
about  100  ps16.  As  time  progresses  beyond  1-5  ps  after  the  pump  beam  irradiation,  the  surface  condition  is  significantly 
altered  so  that  there  could  be  more  absorption  (surface  roughness  induced  by  material  ablation).  Another  source  of 
increased  coupling  of  the  second  pump  beam  onto  the  sample  could  be  caused  by  the  depletion  of  the  dense  surface 
plasma,  so  that  the  reflection  loss  of  the  beam  can  be  reduced  as  was  demonstrated  in  the  literature17.  However,  it  should 
be  noted  that  the  released  shock  wave  energies  for  both  cases  are  the  same.  This  implies  that  the  absorbed  energy  by  the 
second  pump  beam  at  longer  time  delays  is  deposited  on  a  ‘hot'  target  surface.  Hence,  the  surface  morphology  condition 
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does  not  change  enough  within  the  tens  of  picoseconds  pump-to-pump  temporal  interval  to  affect  the  subsequent  plasma 
expansion  and  shock  wave  propagation.  On  the  other  hand,  more  material  is  ejected  from  the  sample  when  the  second 
pump  shines  on  the  sample  at  longer  time  delay. 


Cd)50  ps 

Fig.  6  Shock  wave  propagation  upon  double  beam  irradiance  at  delay  between  the  pump  beams 


Fig.  7  Square-like  intensity  pattern  generated  by  DOE 
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Fig.  8  MicroChannel  fabricated  by  DOE 
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3.4  Micro-channel  fabrication  using  DOE 

Fig.  7  is  a  simple  square-like  intensity  pattern  generated  by  transmitting  the  incoming  laser  beam  through  a  diffractive 
optical  element  (DOE)  for  micro-channeling  applications.  The  damage  on  the  irradiated  sample  traces  the  similar  pattern 
but  somewhat  intense  damage  was  detected  at  the  center  area.  Using  this  shaped  and  modified  beam,  one  can  machine 
micro-channels  as  shown  in  Fig.  8.  The  channel  length  is  1  mm.  A  program  transferring  the  sample  stage  repeatedly 
(back  and  forth  with  3  mm/sec)  was  adapted.  Laser  energy  fluence  can  be  estimated  to  be  about  0.77  J/cm2  based  on  the 
damaged  area.  The  crater  profile  has  maximum  depth  at  the  center  caused  by  the  focusing  of  the  higher  intensity. 
However,  no  elevation  of  the  crater  edge  has  been  observed  as  is  typical  in  micromachining  utilizing  refractive  optics. 
With  DOE,  we  can  eliminate  the  intermediate  focal  plane  causing  self-focusing  and  filamentation  of  the  incoming  beam. 
This  can  be  advantageous  in  terms  of  machining  quality  as  revealed  in  Fig.  8. 

4.  CONCLUSION 

Pump-and-probe  techniques  employing  beam  delivery  via  fiber-optic  lines  in  both  collinear  and  side  view  schemes  were 
performed  to  accomplish  ultra-fast  time-resolved  microscopy  of  femtosecond  laser-induced  ablation  of  crystalline  silicon 
in  both  single  and  double  beam  configuration.  The  imaging  with  the  time-delayed  frequency-doubled  probe  beam  had  a 
temporal  resolution  of  80  fs.  The  results  showed  a  highly  reflecting  phase  indicating  creation  of  near-solid  density 
plasma  or  a  non-thermal  molten  phase  within  2  ps  after  the  pump  beam  incidence  on  the  sample  surface.  Earlier  studies 
demonstrated  substantial  emission  of  both  charged  particles  and  neutrals  possessing  high  kinetic  energies  in  the  keV 
range  but  the  exact  timing  of  ejection  of  particles  is  unclear.  However,  time-resolved  shadowgraphs  of  the  shock  wave 
propagation  indicate  that  the  faster  initial  plasma  component  is  followed  by  a  slower  ‘thermal’  contribution.  A 
diffractive  optical  element  was  used  to  fabricate  micro-channels  in  silicon  wafers. 
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ABSTRACT 

Femtosecond  laser  ablation  of  borosilicate  (Borofloat™)  glass  has  been  studied  to  machine  fluidic  micro-channel 

geometries  (high  aspect  ratio  and  variable  depth)  not  possible  through  traditional  micro-lithographic  techniques. 

Utilizing  a  1  kHz  repetition  rate  femtosecond  laser  system  (Positive  Light,  Spitfire)  and  a  long-working  distance  5x 

objective  lens,  groove  patterns  10  pm  wide  and  as  deep  as  30  pm  have  been  produced.  The  experiments  were  performed 

in  air  and  the  samples  were  cleaned  after  the  ablation  with  sodium  hydroxide  dissolved  in  water  to  remove  the  debris. 

The  substrates  were  mounted  on  a  computer  controlled  x-y  translation  stage.  The  quality  of  the  micro-channels  showed 

dependency  on  the  scanning  speed  of  the  sample.  The  surrounding  area  of  the  channels  was  smooth  at  scanning  rates 

greater  than  400  pm/s  and  smaller  than  10  pm/s.  Whereas,  cracks  appeared  around  the  channels  at  scanning  rates 

between  200  to  50  pm/s.  Surface  morphology  is  studied  using  optical,  electron  and  atomic  force  microscopies.  For  a 

quantitative  evaluation  of  ablation  threshold  and  ablation  rates,  single-shot  experiments  in  vacuum  were  performed.  We 

found  that  the  damage  threshold  for  borosilicate  glass  is  around  1 .7  J/cm2.  With  single  pulse  laser  fluence  of  30  J/cm2,  a 

600  nm  deep  crater  could  be  ablated.  A  ring,  higher  than  the  surface,  appeared  around  the  craters  and  was  most  probably 

created  by  adiabatic  compression  of  glass  due  to  the  high-pressure  plasma  generated  in  the  early  stages  of  the  process. 

Keywords:  Ultrafast  lasers,  micromachining,  borosilicate  glass,  damage  threshold,  ablation  rate,  optical  penetration 
depth,  micro-channels,  microfluidics 


1.  INTRODUCTION 

The  advent  of  lasers  with  sub-picosecond  pulse  durations  and  millijoule  output  power  has  opened  new  opportunities  for 
precision  laser  machining  of  metals,  dielectrics,  and  biological  materials.  The  rapid  coupling  of  energy  allows  material 
removal  before  significant  heating  occurs,  resulting  in  extremely  precise  and  controllable  processing  with  nearly 
undetectable  collateral  damage 

At  Stanford  University,  we  have  recently  established  a  new  ultrafast  laser  laboratory  with  the  hardware  necessary  to 
cany  out  studies  of  ultrafast  laser/material  interactions  and  applications  to  machining  of  a  variety  of  materials.  In  this 
papa’,  the  initial  studies  on  the  use  of  laser  machining  of  borosilicate  glass  to  generate  fluidic  micro-channel  geometries 
are  presented.  Because  of  the  isotropic  nature  of  wet  chemical  etching,  only  shallow  channels  can  be  produced  using 
these  photolithographic  techniques.  However,  fabrication  of  deeper  channels  has  a  number  of  important  practical 
advantages.  Deeper  channels  provide  an  increased  path  length  for  optical  detection  that  yields  a  linear  increase  in  signal. 
An  ultrashort  pulse  laser  can  machine  high  aspect  ratio  channels  on  borosilicate  glass  to  be  used  in  the  development  of 
miniaturized  bioanalytical  systems. 
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The  paper  summarizes  the  measurements  of  damage  threshold  and  ablation  rate  of  borosilicate  glass  when  machined 
with  femtosecond  laser  pulses  and  the  influence  of  scanning  rate  on  the  machining  process  of  micro-channels  for 
miniaturized  bioanalytical  systems.  Surface  morphology  of  grooves  machined  with  femtosecond  pulse  laser  is  analyzed 
using  optical,  electron  and  atomic  force  microscopies. 

2.  EXPERIMENTAL  APPROACH 

The  experimental  facility  for  ultrafast  laser  microfabrication  consists  of  two  parts:  1)  the  laser  system,  2)  a  microscope 
for  beam  delivery  to  the  sample.  A  kHz  repetition  rate  Ti:sapphire  amplifier  system  (Positive  Light,  “Spitfire”)  is  used 
to  generate  ultrashort  pulse  lasers  with  output  energies  up  to  0.9  J  per  pulse  at  780  nm.  The  chirped-pulse  amplification 
(CPA)  technique  used  in  the  amplification  system  allows  us  to  vary  the  pulse  duration  from  200  fs  up  to  20  ps.  The 
pulse  duration  is  measured  by  means  of  a  single-shot,  second  harmonic  generation  autocorrelator.  For  the  current 
experiments,  300fs  duration  pulses  are  used. 

The  laser  fluence  on  the  target  can  be  precisely  varied  from  10  nJ  to  0.9  J  using  two  energy  attenuators.  Each  energy 
attenuator  involves  a  half-wave  plate  that  rotates  the  polarization  of  the  laser  beam  and  a  cube  beam  splitter  in  which  the 
intensity  of  the  transmitted  light  depends  on  its  polarization.  The  attenuated  laser-pulse  energies  are  measured  by  a 
pyroelectric  detector.  The  output  of  the  laser  system  is  linearly  polarized.  A  fast  mechanical  shutter  is  used  to  select  the 
desired  number  of  pulses  for  the  ablation  experiments. 

The  laser  beam  is  delivered  to  the  surface  by  a  long  working  distance  objective  lens  (Mitutoya,  5x)  attached  to  the 
microscope.  To  obtain  a  homogeneous  and  well-defined  distribution  on  the  target,  a  circular  aperture  (5mm  in  diameter) 
is  placed  in  the  beam  path  just  before  the  objective  lens.  In  the  surface  plane,  a  Gaussian  spatial  beam  profile  with  a 
radius  (1/e2)  of  ©0=5.8  pm  is  obtained.  The  same  microscope  can  be  used  to  inspect  in-situ  the  irradiated  surface  during 
the  ablation  process. 

For  micro-structuring,  the  substrates  are  mounted  on  a  computer  controlled  x-y  translation  stage  of  the  microscope. 
The  surface  of  the  sample  is  positioned  to  be  perpendicular  to  the  direction  of  the  incident  beam.  The  borosilicate  glass 
substrates  (Borofloat™  1.1  mm  thick,  Precision  Glass  and  Optics,  Ltd.)  used  in  the  current  experiments  are  cleaned 
ultrasonically  with  alcohol  before  the  experiments  and  with  a  0.5  Molar  sodium  oxide  (NaOH)  solution  after  the  ablation 
to  remove  debris. 

Figure  1  shows  a  picture  of  the  microscope  with  objective  lenses  for  beam  focusing  and  the  vacuum  chamber 
mounted  on  the  x-y  translation  stage.  A  Lab-VIEW  program  controls  both  the  laser  energy  by  rotating  the  half-wave 
plate  and  the  position  of  x-y  stage  for  machining  of  micro-channels  (grooves). 

The  laser  ablated  borosilicate  glass  surface  is  analyzed  by  optical  and  scanning  electron  microscopes  for  its 
morphology  and  by  an  atomic  force  microscope  (AFM)  for  the  measurement  of  the  profile,  that  is,  the  size  and  depth  of 
the  machined  surface.  AFM  is  an  excellent  tool  to  investigate  craters  with  small  depths  (<  6  pm).  From  these 
measurements  a  quantitative  evaluation  of  the  crater  depth,  the  ablated  volume  and  the  crater  profiles  is  possible. 

In  this  work,  the  effects  of  variety  of  parameters  such  as  laser  fluence,  pulse  repetition  rate,  and  speed  of  scanning 
rate  on  the  quality  of  micro-channels  were  studied. 

3.  RESULTS  AND  DISCUSSION 

Figure  2  shows  a  comparison  between  nanosecond  and  femtosecond  pulse  laser  ablation  of  borosilicate  glass  in  air. 
Thermal  effects,  which  dominate  the  long  pulse  laser  ablation,  cause  cracks  with  non-reproducible  machining  quality. 
Ablation  of  borosilicate  glass  with  an  ultrashort  laser  pulse  is,  in  contrary  to  the  processing  with  long  pulse  lasers,  free  of 
thermal  diffusion  providing  a  precise  and  reproducible  processing  ability.  These  results  demonstrate  that  for  high  quality 
machining  of  glass  substrates  ultrashort  pulse  lasers  are  needed. 

In  the  following  sections  the  properties  of  the  single  shot  laser  ablation  of  borosilicate  glass  will  be  first  discussed. 
Second,  the  damage  threshold  and  ablation  rate  data  will  be  presented.  The  third  part  will  summarize  the  properties  of 
the  micro-machined  channels  (grooves). 

3.1.  Properties  of  Single  Shot  Craters 

AFM  studies  were  performed  to  examine  the  properties  of  craters  generated  using  a  single  laser  pulse  in  vacuum  with 
different  energies.  Figure  3  presents  three  examples  of  AFM  images  of  craters  ablated  with  laser  pulse  energies  of  13.6, 
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18.8,  and  30  pj.  These  AFM  pictures  depict  no  cracks  around  the  ablated  crater  and  that  the  dimensions  of  the  craters 
increase  with  increasing  laser  energy.  These  images  also  show  the  existence  of  a  white  ring  around  the  ablated  crater 
from  which  thin  strips  of  melted  material  are  extending  away.  Three-dimensional  representation  of  AFM  data  shows  that 
the  height  of  these  features  around  the  crater  is  higher  than  the  surface.  The  ring  formation  might  be  attributed  to  an 
adiabatic  compression  of  glass  due  to  high-pressure  plasma  generated  in  the  very  early  stages  of  the  ablation  process 
The  plasma  starts  to  expand  within  10  ps  above  the  surface  having  enough  time  to  compress  the  material  around  though 
with  negligible  heat  diffusion.  The  thin  strips  expanding  away  from  the  crater  might  be  the  result  of  the  recasting  of 
ablated  material  that  could  not  escape  from  the  surface  and  melted  back. 

3.2.  Ablation  Rate 


To  determine  the  threshold  fluence  of  borosilicate  glass  ablation,  we  plotted  the  ablated  depth  h  of  single-shot  craters  as 
a  function  of  laser  fluence  Fo  (Fig.  4).  To  precisely  measure  the  ablation  threshold,  namely,  to  avoid  nonlinear  beam 
distortion  in  air  the  experiments  were  performed  in  a  vacuum  chamber  at  a  pressure  below  10"4  mbar.  The  linear  relation 
between  the  depth  and  the  logarithm  of  the  laser  fluence  can  clearly  be  observed  in  Fig.  4.  This  logarithmic  dependence 
of  die  ablation  depth  on  the  laser  pulse  fluence  was  demonstrated  in  early  studies1  for  the  ablation  of  metal  targets  with 
femtosecond  laser  pulses  and  can  be  described  by 


( 

h=Kln 

\ 


(1) 


where  k  can  be  interpreted  as  the  “effective  optical  penetration  depth”  as  expected  from  the  Beer’s  law2.  The  slope  of 
the  linear  fit  yields  the  optical  penetration  depth.  A  value  of  x=221  nm  was  obtained  for  borosilicate  glass.  The 
extrapolation  of  the  fit  to  h= 0  resulted  in  a  damage  threshold  of  Fth  =  1.7  J/cm2.  This  result  is  consistent  with  earlier 
studies3,4  where  a  multi-shot  damage  threshold  of  Fu,  (N=50,  300fs)  =  1.7±0.4  J/cm2  was  found. 

3.2.  Machining  of  Microchannels 

Micro-channels  on  the  surface  of  borosilicate  sample  were  machined  by  moving  the  sample  with  a  certain  speed  relative 
to  the  stationary-pulsed  laser  beam.  The  speed  at  which  the  samples  are  moved  is  called  the  scanning  rate.  Figure  5 
shows  optical  images  of  channels  machined  at  different  scanning  rates  at  200  Hz  pulse  repetition  rate.  These 
experiments  were  performed  in  air  at  laser  fluence  of  F<f=28  J/cm2. 

A  minimum  number  of  overlapping  laser  pulses  was  required  to  create  a  continuous  channel.  At  scanning  rates  below 
400  pm/s  an  effectively  continuous  overlap  of  multiple  laser  pulses  was  reached,  leading  to  ablation  depth  of  several 
microns.  The  ablation  depth  of  micro-channels  depends  on  the  number  of  overlapped  laser  pulses  Neff,  which  can  be 
defined  as: 


r  =DRR 
SR  ’ 


(2) 


where  D  is  the  diameter  of  a  single  pulse  crater,  RR  is  the  repetition  rate  of  the  laser  system  and  SR  is  the  scanning  rate  at 
which  the  samples  are  moved.  Assuming  1 0  pm  for  the  diameter  of  a  single  pulse  crater,  the  minimum  number  of  pulses 
required  to  obtain  an  effectively  continuous  channel  was  N#=  5  (scanning  rate  of  400  pm/s  at  200  Hz  repetition  rate.) 

The  quality  of  the  microchannels  was  found  to  be  a  strong  function  of  the  scanning  rate  or  in  other  words  overlapping 
number  of  pulses.  As  Fig.  5  indicates,  at  intermediate  speeds  (SR=200-50  pm/s),  cracks  along  the  sidewalls  of  channels 
are  obtained  when  the  laser  repetition  rate  is  at  200  Hz.  At  speeds  lower  and  higher  than  these  intermediate  values  cracks 
could  be  eliminated.  Uniform  and  highly  reproducible  channels  are  achieved  at  SR>400  pm/s  and  SR<50  pm/s. 
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Figure  1.  A  picture  of  the  experimental  facility. 


(a)  t=10  ns.  (b)  t=300  fs. 


Figure  2.  Comparison  of  ns  and  fs-pulse  laser  machining  of  borosilicate  glass  at  X,=780  nm. 
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(a)  Epdu  =13.6  yj. 


(b)  Eptiu  =18.8  yJ. 


(c)£,«iK=30yJ. 


* 


Figure  3.  Samples  of  atomic  force  microscopy  images  demonstrating  die  properties  of  single  shot  craters  for  different  laser  pulse 
energies. 
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Figure  4.  Plot  of  ablated  depth  of  borosilicate  glass  as  a  function  of  the  laser  fluence 
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Figure  5.  Effect  of  the  scanning  rate  in  machining  of  continuous  micro-channels.  Laser  repetition  rate  was  200  Hz.  Laser  pulse 
energy  was  £^=29  pj  (£<>=27.5  J/cm2.) 
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Glass  Micromachining  Using  the  VUV  F2  Laser 
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ABSTRACT 

Theoretical  and  experimental  studies  of  the  surface  quality  in  157nm  F2  laser-ablated  glasses  are  reported.  Limitations 
set  by  statistical  fluctuations  in  the  multi-mode  beam  and  by  stationary  beam  non-uniformity  are  explored  together  with 
materials  issues  such  as  laser-  induced  surface  cracking.  Experimental  work  on  ablating  polymethylmethacrylate 
(PMMA),  used  as  a  low  threshold  medium  for  recording  of  the  VUV  beam,  and  soda  lime  glass  are  described.  Use  is 
made  of  the  probe  beam  deflection  technique  to  determine  ablation  thresholds,  and  a  variety  of  methods  adopted  for 
characterising  and  assessing  the  quality  of  ablated  surfaces  e.g.  scanning-electron  microscopy,  mechanical  and  optical 
interference  profiling  and  atomic  force  microscopy.  Preliminary  roughness  measurements  are  compared  with 
theoretical  expectations  and  the  implication  for  glass  micromachining  with  the  F2  laser  discussed. 

KEYWORDS:  VUV,  F2  Laser,  Micromachining,  Glass,  Ablation,  Surface  Roughness. 

1.  INTRODUCTION 

The  possibility  of  using  laser  micromachining  to  fabricate  components  in  glass  is  of  interest  for  optoelectronic  and 
micro-device  applications.  The  relatively  low  absorption  coefficient  of  glasses,  even  in  the  deep  UV,  coupled  with 
complex  issues  such  as  melting  and  induced  stress,  are  limiting  factors  and,  to  date,  results  obtained  are  generally  poor 
compared  with  UV  laser  polymer  ablation.  Resolution  and  ultimate  surface  quality  attainable  are  important,  especially 
for  many  perceived  micro-optic  components,  and  the  157nm  VUV  F2  laser  offers  one  possible  route  to  improving  this. 
Most  glasses  exhibit  strong  absorption  at  157nm  and  even  fused  silica  which  is  relatively  transparent  can  be  ablated 
with  good  precision  through  what  is  thought  to  be  photo-induced  surface  absorption  [1],  Previous  work  on  UV  and 
VUV  laser  ablation  of  glasses  [1-4]  is  relatively  sparse  compared  with  polymers  although  progress  is  now  starting  to  be 
made  on  understanding  the  benefits  and  limitations  of  this  approach  to  micromachining. 

Here  we  describe  a  theoretical  study  of  the  surface  quality  that  might  be  realized  in  F2  laser-ablated  glasses  and  report 
some  preliminary  experimental  work  related  to  this.  Theoretical  consideration  is  given  to  the  fundamental  limitation 
set  by  spatially  varying  statistical  fluctuations  in  the  multi-mode  beam,  practical  aspects  related  to  stationary  beam  non- 
uniformity  and  to  material  issues  such  as  laser  induced  surface  cracking.  Experimental  work  has  been  carried  out  using 
the  157nm  laser  to  ablate  polymethylmethacrylate  (PMMA),  which  served  as  a  low  threshold  medium  for  testing  laser- 
induced  roughness  against  theory,  and  soda  lime  glass  which  has  previously  been  investigated  at  much  longer  laser 
wavelengths  [5].  The  probe  beam  deflection  technique  was  used  for  in  situ  threshold  measurements,  and  a  variety  of 
methods  adopted  for  characterising  and  assessing  the  quality  of  ablated  surfaces.  The  latter  included  scanning-electron 
microscopy,  DekTak  and  optical  interference  profiling  and  atomic  force  microscopy. 

2.  THEORETICAL  CONSIDERATIONS  OF  ABLATION  UNIFORMITY 

2.1  Multimode  beam  fluctuations 

Consideration  is  first  given  to  beam  fluctuations  that  can  arise  in  highly  multi-mode  lasers  and  set  a  ‘fundamental' 
limitation  on  attainable  spatial  uniformity.  As  is  well  known,  free-running  F2  and  excimer  lasers  operate  with  emission 
linewidths  and  resonator  Fresnel  numbers  that  are  large  and,  as  a  consequence,  produce  output  on  a  vast  number  of 
electromagnetic  modes  (>  10  )  characterised  by  distinct  transverse  field  distributions  and  frequencies.  This  property  is 
attractive  for  certain  applications  as  the  many  modes  when  superimposed  can  produce  very  good  spatial  uniformity  but 
with  a  low  degree  of  coherence,  greatly  reducing  speckle  effects  [6],  In  general  the  modes  will  have  random  relative 
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phases  on  a  pulse-to-pulse  basis  and  interference  among  them  can  lead  to  small  scale-size  fluctuations  in  the  local 
fluence.  Those  modes  lying  within  a  sufficiently  small  frequency  interval  that  their  coherence  time  exceeds  the  laser 
pulse  duration  will  add  coherently  producing  a  stationary  contribution  to  the  output  during  the  pulse.  This  contribution, 
however,  varies  from  pulse-to-pulse  if  the  mode  phasing  is  random.  When  averaged  across  all  such  mode  groups  within 
the  lasing  linewidth  the  output  should  approximate  to  a  Gaussian  probability  distribution  for  the  fluence  of  the  form: 

dp/dF  =  {2%ym  G_Iexp(  { F  -  <F> }  2/2g1)  ( 1 ) 

where  dp  is  the  probability  that  the  fluence  F  will  lie  in  the  range  F,  F+dF  and  <F>  is  the  mean  fluence.  The  standard 
deviation  of  the  distribution  is  given  by  a  =  <F>  (x J  fxp  )1/2  where  xp  is  the  laser  pulse  duration  and  xc  =  1/Av  is  the 
laser  coherence  time,  Av  being  the  laser  linewidth.  f =1  for  a  polarised  beam  and  2  for  an  unpolarised  beam. 

The  coherence  area  Ac  determines  the  transverse  spatial  extent  over  which  the  output  beam  retains  coherence.  For  a 
rectangular  beam  this  is  given  approximately  by  Ac  =  X2/  A<|)A0  where  A<|>  and  A0  are  the  full-width  beam  divergence 
angles  in  its  long  and  short  dimensions.  The  coherence  fluctuations  described  by  equation  1,  will  thus  be  uncorrelated 
and  random  between  different  coherence  ‘patches’  in  the  beam. 

The  effect  of  these  fluctuations  can  now  be  assessed  for  a  material  that  has  an  assumed  removal  rate  per  pulse,  x,  of  the 
form: 


x  =  k'VF/Fx)  (2) 

Here  k  is  the  effective  absorption  coefficient  at  the  laser  wavelength  and  FT  is  the  fluence  at  the  ablation  threshold. 
Equation  2  has  been  found  to  be  approximately  applicable  for  many  laser-material  systems  over  a  limited  fluence  range 
and  has  the  advantage  of  analytical  simplicity. 

Suppose  now  that  the  surface  is  exposed  to  m  laser  pulses  at  an  average  fluence  <F>.  It  follows  from  equations  1  and  2 
that  the  ablation  depth  D  will  have  an  uncertainty  between  different  coherent  patches  that  can  be  determined  from: 

D  =  mk'1ln({<R>+G/m1/2}/FT)  (3) 

as  ct/m1/2  is  the  standard  error  i.e.  standard  deviation  of  the  mean.  Assuming  <F>  is  large  compared  to  c/m1/2,  equation 
3  can  be  expanded  as: 


D  =  <D>  ±  m1/2a/{  k<F> }  (4) 

where  <D>  =  m  k'1ln(<F>/FT)  is  the  mean  depth  of  material  removal.  Equation  4  shows  that  the  spatially  varying 
fluence  leads  to  an  uncertainty  in  the  ablation  depth.  Although  the  relative  uncertainty  in  depth,  given  by 
(m1/2a/{k<F>})/<D>,  decreases  with  number  of  pulses  as  m1/2,  a  residual  roughness  is  imposed  on  the  surface  of 
magnitude  r  =  m1/2c/{k<F>}  that  increases  as  m1/2. 

Evaluating  c  in  equation  1  using  a  recent  estimate  for  the  linewidth  of  ~10  GHz  (0.82  pm)  for  the  main  157.63  nm 
transition  of  the  F2  laser  [7]  and  xp  =  11ns,  we  obtain  estimates  of  c/<F>  =  9.5%  for  a  polarised  beam  (f=l)  and  6.7% 
for  an  unpolarised  beam  (f=2).  The  F2  laser  has  ‘mode  speckle’  fluctuations  that  are  predicted  to  be  significantly  larger 
than,  for  example,  the  free-running  ArF  or  KrF  laser  on  account  of  its  much  smaller  linewidth. 

If  the  surface  roughness  factor,  r,  is  expressed  in  terms  of  D,  we  obtain: 
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r  =  (D/[k  ln{<F>/FT}])l/2  o/<F> 


(5) 


This  indicates  that  when  it  is  desirable  to  minimise  roughness  it  is  advantageous  to  have  a  high  absorption  coefficient 
and  to  operate  at  well  above  the  ablation  threshold.  In  this  respect  the  F2  laser  has  an  evident  benefit  for  processing 
glasses  and,  indeed,  other  non-metallic  materials,  as  k  can  be  large  in  the  VUV  with  correspondingly  low  thresholds, 
permitting  ‘well-above  threshold'  ablation.  Even  so  the  roughness  induced  by  ‘mode  speckle’  can  be  significant. 
Taking,  for  example,  k=4  xlO'  cm  *,  Fy  =  150  mJ/cm2  and  F  =  800  mJ/cm2  for  the  ablation  of  a  glass  at  157  nm  and 
o/<F>  =6.7%,  leads  to  a  roughness  of  r  =  82  nm  for  D=  100p.m.  At  this  level,  scattering  could  be  problematic  if 
ablation  was  used  to  configure  optical  surfaces  to  this  depth. 

In  the  foregoing  it  is  assumed  that  either  the  direct  output  beam  or  an  optical  system  with  a  point-spread-function 
(width  =  <pp)  that  is  small  in  comparison  to  the  characteristic  dimensions  of  the  coherence  patch  at  the  image  is  used.  In 
these  cases  imaging  is  ‘coherent’  whereas  if  the  magnification  satisfies  M  «  oty/Ac1/2  imaging  can  be  classed  as 
incoherent  [8],  resulting  in  the  mixing  of  several  or  more  adjacent  (and  uncorrelated)  coherence  patches.  This  effects  a 
reduction  in  the  roughness  factor  r  by  a  approximate  factor  of  {MAc‘/2  /tty,} 1,2 .  As  an  example,  we  take  a  value  of  Ac  - 
25x50  pm2  at  an  object  mask  and  a  diffraction-limited  imaging  lens  with  f-number  fW  =  10.  In  this  case  (ty,  =  2Xf# 
=3.14  pm  for  X  =  0.157  pm  and  to  satisfy  tty,  >  MAc1^  requires  M  <  0.088  i.e.  a  demagnification  of  more  than  1 1.  For  a 
demagnification  of  30x  we  find  {MAC1/2  /tty,} 1/2  =  0.61,  so  that  even  with  relatively  large  demagnification  only  a  small 
advantage  accrues. 

2.2  Stationary  Beam  Non-Uniformity 

It  is  of  interest  to  examine  how  stationary  beam  non-uniformity  influences  the  ablation  depth  i.e.  differences  in  <F> 
that  remain  fixed  from  pulse-to-pulse.  Suppose  a  nominally  flat-topped  beam  has  a  residual  fluence  variation  of  |dF  | « 
<F>.  Then,  from  equation  2,  we  find  that  the  difference  in  the  depth  of  material  ablated  when  exposed  to  m  pulses  at 
fluence  <F>  and  at  <F>  +dF  is: 

8D  =  m  dF/(<F>  k)  =  D  (dF/<F>)/ln{<F>/FT}  (6) 

Note  that  unlike  equation  5,  the  depth  variation  (‘roughness’)  is  now  independent  of  k  and  linearly  dependent  on  D.  It 
is  again,  however,  advantageous  to  work  at  a  high  fluence  above  threshold.  Taking  dF/<F>  =1%  and  the  parameters  for 
glass  used  above  (Ft  =  1 50mJ/cm  i  F  =  800mJ/cm2  and  D  =  100pm),  we  find  6D  =  597nm.  Stationary  beam  non- 
uniformity  even  at  a  level  as  low  as  1%  can  evidently  produce  significant  differences  in  ablation  depth  and  it  is  likely 
that  random  variations  of  this  magnitude  could  easily  be  introduced  by  imperfections  in  beam  delivery  components. 
This  would  pose  a  significant  problem  if  fabricating  precision  optical  surfaces  by  ablation  and  points  to  the  need  for 
excellent  beam  homogenisation.  Stationary  non-uniformity  may  also  arise  from  coherence  effects  in  contact  [8,9]  and 
projection  [8]  imaging  and  can  be  problematic  for  the  F2  laser  because  of  its  narrow  linewidth  and  long  coherence 
length. 


3.  MATERIAL  CONSIDERATIONS 

To  ablate  a  glass  through  a  predominantly  vapour  removal  phase  it  is  necessary  to  elevate  the  surface  to  a  high 
temperature.  Consequently  under  short  pulse  laser  irradiation  a  surface  layer  of  the  glass  will  inevitably  be  cycled 
through  a  low  viscosity,  effectively  molten,  state.  Rapid  quenching  of  this  layer  through  conduction  cooling  can  then 
lead  to  strain-freezing  [5]  and  the  formation  of  residual  tensile  stress  in  the  surface.  In  certain  cases  this  is  sufficiently 
large  to  produce  failure  by  micro-cracking,  a  feature  that  is  exploited  in  laser  marking  [5],  It  is  unacceptable,  however, 
in  glass  micro-machining  applications  because  of  its  deleterious  effect  on  the  optical  as  well  as  mechanical  properties 
of  micro-components. 

Analysis  of  strain-freezing  in  laser  heated  surfaces  [5]  gives  the  residual  tensile  stress,  I,  as: 
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Z  =  EaATnAl-v) 


(7) 


where  E  is  the  Youngs  modulus,  a  is  the  linear  thermal  expansion  coefficient  and  V  is  the  Poisson  ratio  for  the  glass. 
ATm  is  the  difference  between  the  temperature  at  which  strain  freezing  occurs  and  the  initial  sample  temperature.  For 
glasses  irradiated  in  the  deep  UV  or  VUV  the  effective  beam  penetration  depth  defined  by  surface  states  or  by  the  bulk 
absorption  coefficient  can  be  very  small.  The  layer  of  glass  subjected  to  a  substantial  temperature  rise  is  then  restricted 
to  the  larger  of  the  effective  beam  absorption  depth  or  the  thermal  diffusion  depth  (ktp)1/2  where  k  is  the  thermal 
diffusivity.  The  short  duration  of  the  F2  laser  pulse  and  large  effective  absorption  coefficient  restrict  the  thickness,  h,  of 
the  low  viscosity,  and  subsequently  strain-frozen  layer,  to  below  ~  500  nm.  Under  these  conditions  cooling  is  rapid  and 
strain-freezing  [5]  occurs  at  an  estimated  ATm  =  900-1000  K.  For  soda  lime  glass  with  E  =  70  GPa,  v  =  0.3  and  a  = 
8X10"6  /K,  this  produces  a  residual  tensile  stress  of  2  ~  7  -  8x10s  Pa  (equation  7).  Whether  this  stress  is  sufficient  to 
cause  failure  by  crack  propagation  is  a  complex  issue  and  dependent  on  several  factors.  We  note,  however,  that  as  the 
critical  stress  for  crack  propagation  in  thin  film  scales  as  h'1/2  [10]  the  very  shallow  heat-affected  zones  produced  by  F2 
(and  possibly  ArF)  lasers  should  be  advantageous  for  crack-free  glass  micro-machining. 

It  is  known  from  other  studies  [1]  that  high  quality  ablation  of  weakly  absorbing  glasses  such  as  fused  silica  is  also 
possible  with  the  F2  laser.  In  this  case  it  is  likely  that  surface-mediated  rather  than  bulk  absorption  plays  a  dominant 
role.  The  low  thermal  expansivity  of  fused  silica  results  in  much  lower  residual  stress  and,  as  confirmed  by 
experimental  observation  [1],  failure  by  cracking  does  not  appear  to  be  a  problem. 

Other  possible  ‘material’  effects  that  may  influence  the  surface  quality  of  ablated  glasses  include  the  relaxation  of 
intrinsic  stress  in  the  surface  region  of  an  incompletely  annealed  substrate,  and  the  formation  of  cone-like  structures  by 
particulates  shielding  of  the  beam.  Both  effects  have  been  extensively  reported  for  polymer  ablation  [11]. 


4.  EXPERIMENTAL  TECHNIQUES 

Experiments  on  ablation  were  carried  out  using  a  Lambda  Physik  LPF  202  F2  laser  producing  output  energy  of  up  to 
35mJ  at  a  pulse  repetition  rate  <  20Hz.  The  full  beam  energy  was  determined  using  a  large  area  joulemeter  calibrated 
for  the  VUV  (Molectron,  Type  J25  HR).  The  laser  pulse  duration  was  measured  to  be  11ns  (full-width  at  half¬ 
maximum)  using  a  fast  time-response  photoemissive  detector  [12].  Based  on  focal  spot-size  measurements  made  at  a 
distance  of  ~0.4m  from  the  laser  output  mirror  using  a  110  mm  focal  length  CaF2  lens  the  full  angle  beam  divergence 
was  ~8mrad  x  3  mrad.  The  characteristic  spatial  coherence  area  of  the  10x24  mm2  beam  was  thus  estimated  to  be  Ac  = 
20  x  52  pm2. 

To  determine  the  level  of  beam  fluctuations  occurring  within  a  coherence  patch,  a  GaP  photodiode  with  a  high 
impedance  amplifier  was  used  as  a  sensitive  pulse-integrating  joulemeter.  This  was  fitted  with  a  12.5pm  diameter 
pinhole  aperture  to  ensure  that  the  beam  sampled  an  area  significantly  smaller  than  Ac.  The  GaP  detector  was  placed  in 
the  direct  beam  and  its  signal  recorded  for  a  series  of  pulses.  Each  individual  measurement  was  normalised  by  the  total 
laser  output  energy  for  the  same  pulse,  sampled  using  a  beam  splitter  and  the  Molectron  joulemeter.  This  normalisation 
procedure  thus  eliminated  contributions  from  pulse-to-pulse  fluctuations  in  the  total  output  energy. 

Samples  of  PMMA  (Goodfellows  Limited,  Clinical  Grade  CQ)  and  standard  soda  lime  glass  (-70%  Si02,  15%  Na20, 
10%  CaO  and  a  few  per  cent  MgO,  BaO  and  A1203)  were  used  as  the  ablation  targets.  PMMA  was  selected  as  a 
suitable  medium  for  recording  beam  non-uniformity  following  a  series  of  experiments  on  various  materials  (e.g. 
polyimide,  polyethylene  terephthalate,  gelatin  sheets).  It  was  found  to  have  a  low  ablation  threshold  and  relative 
freedom  from  spurious  microstructure  formation.  Soda  lime  glass  was  studied  because  of  its  ready  availability  in  the 
form  of  flat  samples  (e.g.  as  microscope  slides)  and  because  its  ablation  characteristics  have  been  investigated  in  some 
detail  with  long  wavelength  lasers  [5],  The  targets  were  mounted  on  a  stepper  motor  driven  stage  that  allowed 
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precision  adjustment  of  their  position.  Exposure  took  place  in  an  evacuable  chamber  (base  pressure  =  10 5  mbar)  that 
was  back-filled  with  high  purity  Ar  to  a  pressure  of  typically  300mbar.  The  chamber  was  connected  to  the  laser  by 
means  of  a  2m  long  tube. 

A  laser  probe  beam  deflection  technique  was  used  for  in-situ  investigation  of  ablation  [13].  For  this  purpose  glass 
windows  on  the  chamber  allowed  a  HeNe  laser  beam  to  pass  parallel  to  the  surface  of  the  sample  and  at  a  variable 
height  above  it.  The  output  beam  was  directed  to  a  silicon  quadrant  detector,  wired  as  two  pairs,  which  provided 
sensitive  measurement  of  the  deflection  produced  by  an  acoustic  wave  or  ablation  products  traversing  the  beam. 

The  surfaces  of  ablated  samples  were  investigated  using  scanning-electron-microscopy  (SEM),  atomic-force- 
microscopy  (AFM)  and  a  Wyko  optical  profilometer  (Model  RS-2)  used  in  phase  scan  imaging  mode.  A  mechanical 
stylus  (DekTak)  was  also  employed. 


5.  RESULTS 


5.1PMMA 

Probe  beam  deflection  measurements  were  made  on  PMMA  exposed  at  various  F2  laser  fluences.  With  the  probe  beam 
located  1mm  above  the  sample  surface  it  was  possible  to  observe  the  deflection  signature  of  a  fast-propagating  acoustic 
wave  and  that  produced  by  the  slower  moving  ablation  products.  From  the  onset  fluence  of  the  product  signal  an 
ablation  threshold  FT  =  20±5mJ/cm2  was  obtained  for  PMMA,  which  is  similar  to  that  deduced  for  other  polymers  [14] 
and  photoresists  [15,  16]  ablated  at  157nm.  Assuming  the  applicability  of  equation  2,  the  effective  absorption 
coefficient  was  calculated  as  k  =  1.7xlOs/cm,  based  on  the  measured  threshold  and  ablation  depths  recorded  at  known 
fluence.  This  is  in  reasonable  agreement  with  a  low  irradiance  value  of  ~  lxl05/cm  for  PMMA  extrapolated  from  the 
data  in  [17]. 


Figure  1.  Scanning  electron  micrograph  of  polymethylmethacrylate  (PMMA)  ablated  in  vacuum  (pressure  =  lO^mbar)  using  1000 
pulses  from  the  F2  laser.  The  fluence  varies  from  the  front  to  the  rear  of  the  site  and  has  an  average  value  of  80mJ  cm"2. 
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An  example  of  the  ablated  surface  of  PMMA  produced  by  exposure  to  1000  pulses  at  an  average  fluence  of  80mJ/cm2 
from  the  F2  laser  beam  is  shown  in  figure  1.  Here  the  beam  was  weakly  focused  onto  a  rectangular  mask  in  contact  with 
the  surface.  This  SEM  reveals  several  interesting  features.  Firstly,  the  ablated  surface  at  this  scale  is  predominantly 
smooth.  There  is,  however,  a  factor-of-two  difference  in  the  ablation  depth  of  the  near  and  far  sides  of  the  crater 
indicating  a  relatively  large  variation  in  fluence  across  the  beam.  Secondly,  several  steep-walled  cones  can  be  seen 
extending  to  the  same  depth  as  the  crater  suggesting  they  are  initiated  by  particulate  contamination  on  the  surface.  The 
relative  freedom  from  of  cones  of  other  heights  also  suggests  that  debris  formation/re-deposition  from  the  ablation 
products  is  not  a  major  factor  with  PMMA,  unlike  for  some  other  polymers  [14]  where  high  densities  of  cones  with 
varying  depth  appear  under  F2  laser  exposure.  The  cone  walls  are  steeper  at  the  front  of  the  crater  where  the  fluence  is 
higher  which  is  consistent  with  theoretical  expectation  [14].  Based  on  the  measured  cone  apex  half-angle  the  fluence 
on  the  near  side  of  the  crater  is  calculated  as  ~130mJ/cm2  compared  with  ~70mJ/cm2  at  the  rear.  The  rounded  features 
also  evident  in  figure  1  likely  arise  from  cones  that  have  either  broken  or  lost  their  particulate  shield  and  hence  have 
been  smoothed  by  repeated  pulse  exposure. 
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Figure  2.  Surface  roughness  of  F2  laser  ablated  PMMA  versus  number  of  laser  pulses.  Measured  Rq  is  corrected  for  that  of  the 
unexposed  sample  Rq0  by  plotting  (Rq2  -  Rq„2)1/2.  Optical  (Wyko)  and  mechanical  (DekTak)  profilometer  measurements  were  used 
to  record  Rq.  One  result  for  peak-to-peak  roughness  obtained  using  Atomic  Force  Microscopy  (AFM)  is  also  shown.  The  dashed  line 
is  a  fit  based  on  beam  fluctuations  and  stationary  non-uniformity  (see  text). 


Roughness  measurements  made  on  essentially  cone-free  PMMA  surfaces  using  a  Wyko  optical  profilometer  and  a 
DekTak  mechanical  profilometer  are  shown  in  figure  2.  Here  (Rq2  -  Rq02)1/2  where  Rq  is  the  measured  roughness  and 
Rq0  =  6nm  is  that  for  the  unirradiated  surface  is  plotted  as  a  function  of  the  number  of  exposure  pulses.  One  datum 
point  obtained  using  an  AFM  is  also  included.  There  is  a  generally  good  agreement  between  measurements  made  using 
the  different  techniques  and  a  clear  trend  of  roughness  increasing  with  number  of  pulses  is  evident. 


Proc.  SP1E  Vol.  4637 


223 


To  quantify  the  magnitude  of  beam  fluctuations  experimentally,  the  GaP  detector  was  placed  in  the  direct  beam  of  the 
F2  laser  and  its  normalised  output  recorded  over  100  pulses.  From  these  data  a  value  of  o/<F>  =  5.1%  was  obtained, 
close  to  that  predicted  for  an  unpolarised  multimode  F2  laser  beam  (see  section  2.1  above).  This  gave  a  roughness  factor 
(equation  4)  of  r  =  ml/2c/{k<F>}=  3.0xm1/2  (nm)  where  an  effective  absorption  coefficient  of  k  =  1.7xl05/cm  is  used  for 
PMMA.  As  seen  in  figure  2  the  data  diverge  from  this  dependence  at  low  m  and  then  follow  more  closely  a  linear 
behaviour.  Assuming  multimode  and  stationary  fluctuations  combine  in  quadrature,  a  fit  of  the  form 
(9m  +0.1 8m  )  "  was  made  to  the  data  in  figure  2.  Using  equation  6  this  implies  that  a  contribution  of  dF/<F>  =  0.73  % 
from  small-scale  stationary  beam  non-uniformity.  It  can  tentatively  be  concluded  that  though  roughness  arising  from 
‘mode  speckle’  may  be  contributory,  the  dominant  effect  at  larger  pulse  numbers  is  a  result  of  (random)  stationary 
variations  in  beam  fluence.  More  detailed  investigation  are  required  to  confirm  this  or  otherwise. 


5.2  Soda  Lime  Glass 

The  threshold  fluence  for  ablation  of  soda  lime  glass  was  derived  from  probe  beam  deflection  measurements  made  over 
a  range  of  fluences.  In  the  sub-threshold  regime  the  signature  had  the  form  of  a  short  duration  bipolar  pulse  (figure  3a) 
that  can  be  attributed  to  an  acoustic  wave,  generated  by  surface  heating,  passing  over  the  beam.  This  disturbance  was 
found  to  propagate  from  the  surface  at  an  average  speed  of  312  m/s  which  is  close  to  the  sound  speed  for  Ar.  Above 
threshold,  the  rapid  acoustic  deflection  was  followed  by  a  slower  and  broader  signature  associated  with  ablation 
products  driven  from  the  surface  (figure  3b).  The  propagation  speed  of  the  ‘products'  was  much  lower  than  for  the 
acoustic  wave  e.g.  ~5m/s  at  250mJ/cm2.  From  plots  of  the  amplitude  of  the  product  signal  versus  fluence  (figure  3c),  a 
threshold  of  Fx =15Q±10mJ/cm2  for  the  soda  lime  glass  was  derived  based  on  the  appearance  of  the  ‘product’  signal. 
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Figure  3.  Probe  beam  deflection  measurements  for  soda  lime  glass,  (a)  Acoustic  signature,  laser  fluence  100  ml  cm’2,  (b)  Ablation 
product  signature  at  a  laser  fluence  of  250  mJ  cm’2  and  (c)  Determination  of  ablation  threshold  from  product  signal  recorded  in  the 
fluence  range  130  mJ  cm"2  and  250  mJ  cm'2.  Measurements  were  carried  out  in  300  mbar  high  purity  (99.9995)  Argon. 


The  depth  of  glass  removed  in  samples  subjected  to  multiple  pulse  exposure  above  threshold  was  measured  using  an 
optical  microscope  (±2pm  depth  resolution),  and  used  to  calculate  the  average  removal  rate  per  pulse.  Using  these  data 
and  the  measured  threshold  fluence  in  equation  2,  gave  k=  4.8  xlOVcm  for  the  effective  absorption  coefficient.  This  can 
be  compared  with  a  value  of  ~1.4  xlO4  /cm  derived  from  F2  laser  transmission  measurements  made  at  low  irradiance 
on  specially  prepared  samples  of  the  glass  (thickness  5+lpm). 

An  estimate  of  the  surface  temperature,  Ts,  at  the  ablation  threshold  can  be  made  by  neglecting  thermal  diffusion 
during  the  short  laser  pulse  and  assuming  absorbed  laser  energy  is  transformed  to  heat.  This  leads  to: 
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Ts  =  Tr  +  (1-R)  k  Ft/C 


(8) 


where  R  «  0.05  is  the  surface  reflection  coefficient  at  157nm,  C  is  the  volume  specific  heat  of  the  glass  and  TR  =  300K 
is  its  initial  temperature.  Using  the  low  irradiance  absorption  coefficient  of  k  =  1.4  xl04/cm  and  FT  =  150mJ/cm  we 
find  Ts  =  1500±200K  at  threshold.  This  is  relatively  close  to  but  somewhat  lower  than  the  temperature  at  which  pure 
silica  glass  (no  fluxing  agent)  is  known  to  decompose.  Given  uncertainties  in  the  various  parameters,  and  the 
possibility  that  the  low  irradiance  absorption  coefficient  is  an  underestimate  because  of  averaging  over  localised 
surface-absorbing  states,  it  does  not  seem  unreasonable  to  associate  this  threshold  with  the  onset  of  significant  thermal 
vaporization.  The  removal  rate  would  then  be  governed  by  kinetic-limited  surface  vaporisation  [18],  rather  than  bulk 
absorption,  explaining  the  high  value  of  the  effective  absorption  coefficient. 

SEM  investigations  of  micro-features  produced  in  soda  lime  glass  over  a  range  of  exposure  conditions  revealed  no 
evidence  of  crack  formation  on  or  adjacent  to  the  ablation  site.  As  the  above  calculations  suggest  that  the  surface 
temperature  reaches  at  least  1500  K,  which  is  higher  than  the  inception  temperature  for  micro-cracking  with  the  C02 
laser  [5],  this  points  to  the  strain-frozen  layer  being  restricted  to  a  small  depth  under  157nm  irradiation  (see  section  3). 
Figure  4  shows  an  enlarged  SEM  view  of  the  centre  of  a  cross-shaped  feature  formed  by  1000  pulses  from  the  F2  laser 
at  1600  mJ/cm2.  The  base  of  the  pattern  shows  no  signs  of  cracking  and  is  macroscopically  smooth  although  a  small 
quantity  of  particulate  debris  is  evident.  It  was  noted,  however,  that  a  very  substantial  quantity  of  ablated  material  was 
deposited  just  outside  of  the  ablation  site  under  both  vacuum  and  Ar  back-filled  conditions. 
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Figure  4.  Scanning  electron  micrograph  of  central  section  of  a  feature  produced  by  F2  laser  ablation  of  soda  lime  glass.  Projection 
imaging  with  16x  reduction  was  used  (fluence  of  1600mJ  cm'2,  1000  laser  pulses,  pressure  of  -10"4  mbar).  The  surface  is 
macroscopically  smooth  and  devoid  of  cracks  but  has  low  levels  of  particulate  debris. 


This  is  seen  in  figure  5a  where  a  fine  grid  has  been  micro-machined  in  the  glass  surface  under  vacuum.  Here,  extensive 
coverage  by  what  appears  to  be  a  film  of  deposited  glass  can  be  seen  around  the  site,  whereas  this  is  absent  in  figure  5b 
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where  ablation  took  place  through  a  sacrificial  coating  (Opti-Clean™)  that  was  subsequently  peeled  off.  It  should  be 
noted  that  the  definition  quality  of  these  grids  is  largely  limited  by  the  optical  resolution  of  the  simple  single-element 
imaging  lens  used  (~3pm,  1#  =  1 0). 


Figure  5.  Scanning  electron  micrographs  of  a  grid  produced  in  soda  lime  glass  by  F2  laser  ablation.  A  mask  projection  arrangement 
with  a  single  element  lens  was  used  with  a  13x  optical  reduction.  Ablation  was  carried  out  in  vacuum  at  a  fluence  of  370  mj  cm'2,  a) 
Low  magnification  SEM  showing  deposited  debris  in  the  vicinity  of  the  ablated  area  when  bare  surface  exposed,  b)  Magnified  view 
of  feature  when  ablation  took  place  with  a  protective  coating  that  was  subsequently  peeled  away  after  exposure.  In  this  case  the 
surroundings  of  the  site  are  debris- free  although  the  walls  of  the  bars  exhibit  enhanced  microstructure,  apparently,  induced  by  the 
presence  of  the  coating. 


AFM  imaging  of  the  ablated  glass  showed  that  the  as-received  surface  roughness  of  Rq  »  30nm  increased  to  1 15nm  as 
a  result  of  exposure  to  500  pulses  at  800  mJ/cnr  from  the  Ft  laser.  For  comparison,  a  calculation  combining  mode 
fluctuations  and  stationary  beam  non-uniformity,  assuming  dF/<F>  =  0.73%  as  derived  from  the  PMMA  results  and  k 
=  4.8x10  /cm  for  the  glass,  gave  a  net  roughness  of  80  nm.  This  is  in  reasonable  agreement  with  the  induced  roughness 
of  (1 15  -30  )  ~=11  lnm.  It  should  also  be  noted  that  some  uncertainty  arises  in  making  these  comparisons  because  the 
AFM  roughness  includes  surface  particulates  not  accounted  for  in  the  model. 

6.  CONCLUSION 

We  have  outlined  possible  effects  that  will  limit  the  ultimate  surface  quality  of  glasses  that  are  micro-machined  using 
the  VUV  Ft  laser.  Roughness  attributable  to  pulse-to-pulse  ‘mode  speckle’  fluctuations  and  stationary  beam  non¬ 
uniformity  are  predicted  to  increase  with  number  of  pulses,  m,  with  dependencies  of  m1/2  and  m  respectively. 
Preliminary  studies  confirm  roughness  increases  with  m,  but  disentangling  the  data  to  ascertain  the  importance  of  each 
contribution  is  difficult  and  requires  further  work.  Likewise  there  is  a  need  to  confirm,  or  otherwise,  the  prediction  that 
a  smoother  surface  should  be  obtained  with  higher  ‘above  threshold’  processing.  If  so,  then  given  the  relatively  low 
output  energy  of  the  F2  laser  and  the  need  for  beam  homogenization  (e.g.  by  optical  trains  or  spatial  filtering  means) 
which  is  inevitably  lossy,  we  are  restricted  to  addressing  small  area  formats  by  single  pulse  ablation.  Taking  an  energy 
of  30  mJ  and  what  is  probably  a  realistic  overall  optical  loss  of  50%,  would  restrict  the  area  to  0.0125cm2  (-lxlmm2) 
for  a  glass  ablated  at  F/FT  =  8  with  FT=  150  mJ/cm2.  To  process  larger  areas  requires  rastering  the  beam,  bringing  the 
possibility  of  shaping  the  surface  by  programmed  ablation  but  additional  demands  from  the  need  to  ensure  seam-free 
overlap  of  multiple  sites.  The  good  degree  of  depth  control  provided  by  the  strong  absorption  of  157nm  radiation  in 
glasses  (e.g.  sub-100  nm/pulse  for  soda  lime  glass)  makes  feasible  the  precise  micro-machining  of  profiles.  An 
additional  advantage  is  the  absence  of  micro-cracking,  even  in  soda  lime  glass  which  has  a  high  thermal  expansivity 
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and  is  prone  to  surface  crazing  at  longer  laser  wavelengths.  This  is  attributed  to  reduced  thickness  of  the  strain-frozen 
layer. 

It  is  finally  noted  that  debris  deposition  appears  to  be  particularly  extensive  for  the  soda  lime  glass  investigated  here 
and  could  be  problematic  in  terms  of  ultimate  machining  quality.  Further  work  is  required  to  investigate  this  in  a  range 
of  glasses. 
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ABSTRACT 

The  F2-laser  Nanofabrication  Facility  at  the  University  of  Toronto  delivers  high-fluence  157-nm  radiation 
at  high  resolution  to  microfabricate  high-finesse  silica-based  optical  components.  The  7.9-eV  photons 
drive  strong  material  interactions  near  the  band-edge  states  of  fused  silica  and  related  glasses  that  help 
avoid  microcrack  formation,  a  common  limitation  of  longer  wavelength  lasers.  The  strong  interactions 
provide  for  small  and  smooth  excisions,  offering  depth  control  on  a  scale  of  tens  of  nanometers.  A  157-nm 
beam  homogenization  system  and  a  25x  Schwarzschild  lens  provided  a  uniform  (±5%)  on-target  fluence  of 
9  J/cnr  in  a  0.25  mm  x  0.25  mm  field.  Larger  work  area  was  enabled  by  synchronously  driving  the 
projection  mask  and  target  motion  stages.  The  0.4  NA  lens  supported  the  formation  of  high-aspect  channel 
walls  and  surface-relief  features  as  small  as  -500  nm.  Both  mask  projection  and  direct  writing  technique 
were  employed.  The  novel  aspects  of  the  optical  beam  delivery  system  are  presented  together  with  results 
on  fabricating  microchannels,  cutting  optical  fiber,  fabricating  surface  relief  grating  and  cylindrical  lens. 
The  results  demonstrate  broad  application  directions  for  fabricating  telecommunication  devices,  general 
optical  and  photonic  components,  and  biological  devices. 

Keywords:  F2  laser,  high-resolution,  ablation,  micromachining,  microfabrication,  micro-optic  component 


1.  INTRODUCTION 


The  F2  laser  has  become  a  commercially  reliable  source  providing  high-power  laser  light  at  a  record  short 
wavelength  of  157  nm.  Radiation  at  this  forefront  provides  two  distinct  advantages  over  ultraviolet 
excimer  and  other  longer-wavelength  lasers  in  processing  materials:  a  large  photon  energy  of  7.9  eV  drives 
strong  absorption  in  almost  all  solid  materials  including  ultraviolet-transparent  glasses,  and  the  short  157- 
nm  wavelength  is  focusable  to  a  diffraction-limited  spots  of  ~100-nm  to  define  the  smallest  features  of  any 
laser  process.  This  combination  together  with  a  short  pulse  duration  of  -15  ns  affords  precise  control  in 
smoothly  ablating  fine  features  in  ‘difficult’  materials  such  as  transparent  glasses  and  polymers.  The  F>- 
laser  lithography  development  effort[l-3]  has  recently  made  available  new  high  quality  optical  materials 
and  dielectric  coatings  for  157-nm  radiation  that  provides  lurther  incentive  for  pursuing  this  F2-laser 
micromachining  direction. 

Materials  processing  by  F2-laser  radiation  has  been  investigated  for  more  than  a  decade  across  a  wide 
range  of  organic  and  inorganic  materials[4,5]  such  as  polymers, [2,6]  sapphire, [7]  and  semiconductor 
materials[8].  Our  group  has  targeted  fused  silica  and  germanosilicate  glasses  materials  for  applications  in 
jzli@ecf.utoronto.ca;  http://www.ecf.utoronto.ca/~hermanp 
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surface  microstructuring  and  imprinting  of  buried  refractive  index  structures  that  serve  telecommunication 
and  general  optical  component  applications.[5,9]  While  such  research  has  pointed  to  many  promising 
application  directions,  further  technology  development  is  required  before  F2-lasers  become  indispensable 
tools  in  material  processing.  Supporting  this  direction  is  the  availability  of  new  optical  tool  systems[2,3] 
that  deliver  high-fluence  157-nm  radiation  while  also  overcoming  the  challenge  of  strong  157-nm 
absorption  in  air  and  most  optical  materials. 

Our  group  is  developing  the  world’s  first  F2-laser  micromachining  system  for  high-resolution  and 
high-fluence  fabrication  of  photonic  components.  [3]  This  paper  updates  our  progress  on  this  novel  F2-laser 
processing  system,  describes  the  system  resolution  for  micromachining  of  glasses,  and  overviews  progress 
in  several  application  directions  in  micro-optic  fabrication.  The  modulation  transfer  function  is  presented 
for  micromachining  of  glass,  and  specific  examples  of  excising  glass  trenches,  cleaving  optical  fibers, 
machining  surface-relief  phase  masks,  and  shaping  micro-lenses  are  described. 


2.  HIGH-FLUENCE  F2-LASER  MICROFABRICATION  SYSTEM 


The  F2-laser  processing  system  consists  of  a  commercial  laser  (Lambda  Physik,  LPF  220i),  a  MicroLas 
Lasersystems  157-nm  optical  system,  and  a  high-resolution  micromachining  station,  as  described 
previously.[3]  The  laser  provides  ~25  mJ  single-pulse  energy  with  -15  ns  pulse  duration  (FWHM)  and  1- 
200  Hz  repetition  rate.  A  narrow  spectral  linewidth  of  <5  pm  and  transverse  coherence  length  of  several 
hundred  microns  offers  sufficient  finesse  for  interferometric  applications.  The  horizontal  and  vertical  beam 
divergence  is  -3  mrad  and  ~1  mrad,  respectively.  A  recirculating  chiller  (Thermo  NESLAB)  heats  the 
laser  water  coolant  (~35°C)  for  boasting  and  stabilizing  the  laser  energy. 

The  F2-laser  microfabrication  system  is  shown  in  Figure  1.  The  optical  delivery  system  was  assembled 
inside  a  2.5-m  long  airtight  aluminum  enclosure  with  further  detail  provided  in  Ref  [3].  Dielectric-coated 
CaF2  optical  mounts  were  mounted  on  a  single  base-rail  to  facilitate  changes  between  medium  and  high- 
resolution  beam  imaging  configurations.  The  high-resolution  configuration  employs  beam-shaping  optics, 
a  mask,  and  a  25x  Schwarzschild  objective  lens  with  0.4  NA.  The  F2-laser  beam  was  first  expanded 
vertically  by  two  prisms,  and  then  homogenized  by  4  sets  of  9  x  9  cylindrical  lens  arrays,  to  produce  a 
uniform  (<  ±5%)  illumination  field  of  6  mm  x  6  mm  with  24  mJ/cm2  fluence  at  the  mask  plane.  The  prism 
expanders  also  served  to  create  a  central  gap  in  the  energy  profile  that  avoided  the  normal  incidence 
obscuration  by  the  Schwarzschilds  objective.  The  objective  provided  a  uniform  fluence  of  up  to  9  J/cm2 
across  the  complete  target  image  plane  of  250  pm  x  250  pm,  which  was  more  than  sufficient  to  ablate 
silica-based  glasses.  The  fluence  was  adjustable  over  a  10-70%  range  when  using  an  angle-tuned 
dielectric-coated  attenuator.  The  theoretical  diffraction-limited  resolution  was  -250  nm. 
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Figure  1.  Photograph  of  the  F2-laser  (background)  and  the  157-nm  optical  delivery  system  (foreground)  for  high- 

resolution  and  high-fluence  microfabrication. 


The  157-nm  optical  system  employed  several  beam  diagnostics.  A  movablel57-nm  reflection  mirror 
redirected  the  laser  beam  to  a  vacuum-ultraviolet  (VUV)  fluorescent  plate,  positioned  in  a  plane  equivalent 
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to  the  mask  plane,  to  facilitate  alignment  of  the  homogenizing  optics  and  to  monitor  degradation  of  optical 
components.  A  second  CCD  camera  and  visible-light  vision  system  was  aligned  to  share  the  VUV 
Schwarzschild  lens  for  precise  registration  of  the  patterned  F2-laser  light  with  the  sample  surface.  Sample 
positioning  was  controlled  by  computer-driven  linear  stages  having  50-nm  resolution  and  100-nm 
repeatability.  Synchronous  motion  control  of  the  mask  and  target  sample  extended  the  sample  work  area 
beyond  the  250-pm  x  250-pm  target  field. 

Absorption  of  157-nm  light  by  ambient  air  was  overcome  by  flushing  the  full  optical  beam  path  with 
high-purity  N2  gas  evaporated  from  a  liquid  nitrogen  dewar.  The  157-nm  attenuation  across  the  full  3-m 
beam  path  was  <30%  with  02  and  H20  impurity  levels  of  less  than  4  ppm  and  3.5  ppm,  respectively,  as 
monitored  with  a  gas  sensor  (Cambridge  Sensotec,  Rapidox  2000).  A  gas-flow  nozzle  was  positioned 
between  the  sample  and  the  Schwarzschild  lens  to  direct  transparent  nitrogen  to  the  working  sample  and 
thereby  facilitate  the  rapid  exchange  of  the  samples  without  opening  and  flushing  the  optical  tool  system. 
The  full  optical  system,  diagnostics,  and  precision  motor  drives  floated  on  an  optical  table  to  isolate 
acoustic  noise  and  improve  prospects  for  micromachining  on  the  nano-scale. 


3.  MODULATION  TRANSFER  FUCNTION:  HIGH-FLUENCE  ABLATION 


The  micromachining  resolution  for  silica  glass  was  assessed  for  the  Schwarzschild  lens  by  ablating  soda- 
lime  glass  microscope  slides  (Coming  2947)  with  single  pulses  of  157-nm  light,  patterned  by  a  custom 
chrome-coated  CaF2  transmission  mask.  The  chrome  coating  consisted  of  open  rectangular  bars  with 
various  periods  as  shown  in  Figure  2  (left).  The  modulation  transfer  function  is  normally  obtained  as  a 
function  of  the  line-and-space  frequency  (lines  per  millimeter)  from  the  expression!  10] 

Mod  (]) 

I  +1  .  {  ' 

max  min 

where  /mav  and  /m(M  refer  to  the  maximum  and  minimum  light  intensity  projected  on  the  sample  surface  by 
the  mask  and  lens  system.  For  the  present  purpose,  time-integrated  intensity  values  were  inferred  from  the 
maximum  and  minimum  ablation  depths  patterned  in  the  glass  by  the  patterned  F2  laser  light.  The  laser 
ablation  rate  D  (depth  per  pulse)  is  related  to  the  laser  fluence  F  by 
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where  aeff  is  the  effective  absorption  coefficient  (-170,000  cm'1  for  fused  silica)  and  F,h  is  the  ablation 
threshold  fluence  (-1  J/cm2  for  fused  silica).[5]  The  time-integrated  intensity  values  (i.e.  F)  were  therefore 
obtained  from  the  simple  scaling  relationship,  I  ~  exp(Daeff),  to  provide  values  for  Mod  in  Eq.  1. 

The  modulated  ablation  depths,  D^,  and  D,™,  were  measured  by  atomic  force  microscopy  (AFM),  and 
the  modulation  transfer  function  was  calculated  and  plotted  as  shown  in  Figure  2(b).  The  resolution  of  the 
optical  system  is  -1  pm  (line  and  space),  with  smallest  observed  features  of  -600  nm.  These  values  do  not 
meet  the  theoretical  250-nm  diffraction  limit  of  the  Schwarzschild  lens.  The  imperfections  in  the  surface 
figure  and  alignment  of  the  Schwarzschild  may  account  for  a  2-fold  decrease  in  resolution.  Additional 
factors  also  contributing  are  thermal  transport  during  the  15-ns  laser  pulse,  the  flow  of  surface  melt,  and  the 
ablation  plume  dynamics.  Higher  resolution  features  are  anticipated  for  polymer  materials,  which  have 
lower  values  of  thermal  diffrisivity  and  less  melt-phase  dynamics  than  for  silica-based  glasses.  Further 
work  is  in  progress  to  improve  the  resolution  of  micromachined  glasses. 


4.  MICRO-OPTICS  MICROMACHINING  DIRECTIONS 


The  controlled  fabrication  of  glass  microstructures  such  as  gratings,  microvias  and  microchannels  with 
smooth  morphology  is  of  widespread  interest  for  medical,  biological,  and  photonic  integrated-circuit 
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applications.  [1 1-13].  The  present  high-fluence  F2-laser  micromachining  system  is  being  applied  m  several 
such  directions  to  define  processing  windows  amenable  to  high-resolution  micromachining. 

Rectangular  and  V-shaped  microgrooves  of  4  -  40  pm  width  were  excised  in  glass  microscope  slides 
(Coming  2947)  at  5  -  9-J/cm2  fluence  using  free-standing  metal  foils  as  projection  masks.  Figure  3  shows 
optical  microscope  edge-views  of  two  glass  microchannels.  The  rectangular  channel  in  Figure  3(a)  was 
machined  with  a  high  on-target  fluence  of  ~9  J/cm2  per  pulse,  using  200  laser  pulses  at  a  pulse  repetition 
rate  of  10  Hz.  The  30-pm  wide  by  ~35-pm  deep  channel  has  vertical  walls  without  microcracks.  In 
contrast,  the  10-pm  wide  V-channel  in  Figure  3(b)  yielded  25°  wall  angles.  The  taper  arises  from  a 
reduced  fluence  of  ~3  J/cm2  and  a  smaller  100-pulse  exposure.  The  observed  wall  angle,  y,  coarsely 
follows  the  empirical  relation, [4]  y  =  sin'  l(F,i/F),  for  a  F,i,  value  of  1.0  J/cm2  for  fused  silica.  The 
combination  of  high  and  variable  fluence,  large  numerical  optic  (NA  =  0.4),  and  micropositioning  tools 
offers  wide  latitude  in  fabricating  custom  microstructure  shapes  with  controllable  surface  morphology. 


Frequency  (lines/mm) 

Figure  2.  Basic  bar  pattern  of  the  projection  mask  (left)  used  to  infer  the  Modulation  Transfer  Function  (right)  of  the 
157-nm  optical  imaging  system.  The  visibility  of  ablation  profiles  excised  in  silica  glasses  were  obtained  as  a  function 

of  the  spatial  frequency. 
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Figure  3.  Optical  microscope  end-view  of  microscope  glass  slides  (Coming  2947)  in  which  steep-walled  rectangular 
(a)  and  V-grooved  (b)  microchannels  were  excised  by  F2-laser  ablation.  The  V-groove  has  25°  wall  angles. 

The  vertical  walls  in  Figure  3(a)  are  attractive  in  glass  cutting  applications  such  as  required  in  cleaving 
optical  fibers  and  dicing  planar  lightwave  circuits.  The  F2  laser  offers  smooth  and  orthogonal  end  surfaces 
without  microcrack  generation.  A  standard  single-mode  optical  communication  fiber  (Coming  SMF-28) 
was  cleaved  with  single-pulse  fluence  of  9  J/cm2  over  a  2-min.  exposure  at  10  Hz.  A  750-pm  metal  slit 
served  as  a  projection  mask  to  provide  a  30-pm  x  180-pm  cutting  beam  on  the  125-prn  diameter  glass  fiber. 
The  polymer  jacket  was  stripped  and  the  glass  fiber  cleaned  with  methanol  prior  to  laser  cutting.  Figure 
4(a)  illustrates  the  side  view  image  of  the  cut  fiber  while  Figure  4(b)  shows  an  AFM  image  of  the  fiber  end, 
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obtained  near  the  central  9-fim  diameter  waveguide  core.  The  RMS  and  arithmetic  roughness  over  the 
probe  area  are  50  nm  and  40  nm,  respectively,  less  than  3%  of  the  telecommunication  wavelength.  The 
ripples  on  the  surface  originate  with  defects  on  the  slit  edge  used  as  a  projection  mask  and  can  therefore  be 
improved  by  use  of  a  higher  quality  mask.  Faster  fiber  cleaving  times  of  several  seconds  are  anticipated 
with  higher  repetition  rate  of  100  Hz. 
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Figure  4.  Optical  microscope  side-view  (a)  of  a  single-mode  optical  fiber  (Coming  SMF-28)  cleaved  with  the  F2- 
laser  micromachining  system.  The  fiber  diameter  is  125  pm.  (b)  AFM  image  of  the  laser-cut  fiber  end  at  the  center 
core  region.  The  arithmetic  and  root-mean-square  surface  roughness  are  40  nm  and  50  nm,  respectively. 

Surface  relief  gratings  were  formed  on  a  glass  slide  (Coming  2947)  across  the  full  250-nm  x  250-nm 
optics  field  of  the  high-resolution  F2  laser  processing  system.  The  157-nm  homogenization  optics  was 
essential  in  forming  a  uniform  grating  relief  across  the  full  field.  An  AFM  image  (a)  and  the  cross- 
sectional  profile  (b)  of  grating  are  shown  in  Figure  5.  A  laser-cut  metal  foil  served  as  the  transmission 
amplitude  mask  (50-p.m  period  and  50%  open).  An  on-target  fluence  of  ~3  J/cm2  and  30  pulse  exposure 
were  applied  for  the  sample  in  Figure  5,  where  a  2-pm  period  grating  with  a  300-nm  (peak-to-peak) 
modulation  depth  are  clearly  discernable.  Laser  processing  parameters  are  under  investigation  for 
micromachining  sub-micron  features  with  high  aspect-ratio  troughs  that  support  the  fabrication  of  fused 
silica  phasemasks  and  other  diffractive  optical  elements. 


Figure  5.  AFM  image  (a)  and  topographical  profile  (b)  of  a  surface-relief  grating  (phase  mask)  of  2-pm  period 

formed  on  glass  by  F2-laser  ablation. 
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Surface  relief  structures  on  optical  materials  can  also  be  formed  by  velocity  scanning  of  the  sample 
while  continuously  ablating  the  surface  with  a  shaped  laser  beam.  The  surface  relief  is  controlled  by  the 
dwell  time.  Figure  6  shows  a  SEM  image  of  a  cylindrical  microlens  fabricated  by  velocity  scanning  of  a 
glass  slide  (suprasil  fused  silica)  under  a  uniform  12-pm  x  160-pm  laser  beam  (image  of  a  300-pm  x  4-mm 
rectangular  mask).  The  laser-generated  cylindrical  lens  was  640  pm  x  160  pm  in  area.  Several  defects  are 
present  due  to  rough  edges  on  the  projection  mask  and  poor  quality  motion  stages  used  during  this  first  trial. 
Optical  quality  microlens  surfaces  are  anticipated  with  the  use  of  better  quality  masks  and  new  motion 
stages. 


Figure  6.  SEM  image  of  a  micro-cylindrical  lens  (640  pm  x  160  pm)  fabricated  on  a  glass  slide  (suprasil  fused  silica) 
with  the  F2-laser  micromachining  system  by  velocity  scanning  of  the  target. 


5.  SUMMARY 


A  high-resolution  and  high-fluence  F2-laser  microfabrication  system  developed  by  University  of  Toronto 
and  MicroLas  Lasersystem  has  been  described.  A  variety  of  micromachining  demonstrations  on  glass 
samples  was  provided  that  point  to  new  directions  of  applying  this  novel  system  to  fabricate  and  process 
micro-optic  components. 
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Abstract 

Using  lasers  at  different  wavelengths,  the  optical  and  geometrical  properties  of  waveguides 
can  be  affected  via  photochemical,  thermo-chemical  and  diffusion  effects.  In  this  paper  we 
review  several  of  these  options  and  show  experimental  results.  Among  others,  we  report  on 
refractive  index  modification  and  buried  waveguide  formation  by  UV-VUV  laser  irradiation 
and  on  controlled  tapering  of  channel  waveguides  by  thermal  laser  treatment. 

Keywords:  waveguides,  integrated  optics,  laser  microfabrication 

1.  Introduction 

Ion-exchanged  waveguides  in  glasses  are  attractive  regarding  many  applications  in 
telecommunications  and  sensing.  One  special  feature  of  them  is  that  their  properties  can  be 
modified  post-fabrication  by  laser  irradiation.  Our  purpose  was  to  rely  on  well-developed 
techniques  of  Ag-Na  ion  exchange  to  form  planar  and  channel  waveguides  and  subsequently 
modify  them  by  means  of  direct  laser  treatment.  Common  type  of  glasses  with  high  Sodium 
contents  makes  one  of  the  most  commonly  available  and  inexpensive  types  of  optical  substrates. 
Their  use  is  therefore  highly  attractive  in  applications  of  wave-guided  optical  devices  where  low 
cost  is  an  advantageous  requirement.  Application  examples  include  passive  optical  communication 
devices  for  low-end  and  massive  consumption  and  wave-guide  bio-sensors.  Many  of  these  glasses 
have  in  addition,  a  well-developed  technology  for  waveguide  fabrication  based  on  ion  exchange  . 
Within  this  research  effort  we  pursue  to  explore  technologies  concerning  the  utilization  of  laser 
processing  that  are  relevant  to  waveguide  applications.  We  recall  that  pure  conventional  thermal 
annealing  of  Ag-Na  ion  exchange  planar  waveguides  causes  a  decrease  in  refractive  index  and 
enlargement  of  the  waveguide’s  cross-section,  due  to  a  dominant  diffusion  effect. 

The  use  of  laser  radiation  in  order  to  modify  properties  of  waveguides  prepared  in  different 
technologies  has  been  reported  in  the  literature2'4  In  this  article  we  report  experiments  of  two  kinds. 
In  the  first  one,  by  means  of  laser  treatment  by  short  pulses  in  the  UV-VUV  range,  we  observed  an 
increase  effect  in  the  refractive  index,  leaving  the  waveguide’s  size  unchanged.  Several  pulsed 
lasers  were  used  as  irradiation  source  (X=157nm,  198nm  and  248nm).  In  the  first  case  we  irradiated 
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ion-exchanged  waveguides  by  visible  and  mid-infrared  CW  laser.  By  this  localized  thermal 
treatment,  we  achieved  large  (up  to  50%)  reduction  in  the  refractive  index  in  conjunction  to  an 
enlargement  in  the  mode-field  size.  This  effect  was  applied  in  order  to  accomplish  controlled 
tapering  of  planar  and  channel  waveguides.  In  another  application,  we  observed  buried  waveguide 
formation  by  VUV  laser  irradiation. 


2.  Tapering  of  channel  waveguides  by  continuous  visible  laser  irradiation. 

In  these  experiments  the  irradiation  was  continuous  and  the  application  in  mind  was  to  taper 
channel  waveguides  at  the  input  and  output  ports  in  order  to  fit  their  mode  size  to  suitable 
interfacing  elements  like  optical  fibers,  diode  lasers  and  detectors.  The  utilization  of  thermal 
methods  for  this  purpose  is  reported  in  the  literature  based  on  induced  temperature  gradients.  The 
method  reported  here  of  applying  laser  irradiation  has  the  advantages  of  direct  and  easy  control  of 
the  amount  of  energy  deposited  and  fairly  good  localization  the  treated  area.  This  last  feature  would 
be  advantageous  in  the  compactization  of  an  Integrated  Optical  device  where  tapering  is  desirable. 
Soda-lime  silica  glass  and  Coming  0211  samples  of  commercial  grade  were  used  in  this  study.  The 
chemical  composition  (  %  )  according  to  manufacturers  for  soda-lime  glass  was:  72.0  Si02,  14.0 
Na20,  0.6  K20,  7.1  CaO,  4.0  MgO,  1.9  Al203,  0.1  Fe2C>3,  0.3  SO3,  while  for  Coming  0211  the 
composition  was:  64.0  Si02,  7.0  Na20,  7.0  K20,  9.0  B203,  3.0  A1203,  7.0  ZnO,  3.0TiO2.  Ion- 
exchange  was  carried  out  in  a  mixture  of  (AgN03)o.o5'(KN03)o.5:(NaN03)o.5  heated  to  a  temperature 
range  of  270-3 15C.  In  all  cases  the  ion-exchange  time  was  1.5hr.  The  procedure  furnished  planar 
multimode  waveguides  of  An  ~0.09  and  depth  of  about  4pm.  Irradiation  was  accomplished  by 
means  of  a  frequency-doubled  Nd-YAG  laser  (k=532nm).  At  this  wavelength,  the  glasses  are 
basically  transparent.  To  enhance  absorption,  the  samples  were  coated  by  a  thin  black  polyurethane 
layer. 

In  order  to  optimize  the  irradiation  process,  slab-type  waveguides  were  chosen  first.  Samples  were 
irradiated  for  45  minutes  by  laser  radiation  at  powers  of  2W,  2.25W  and  2.5W.  The  black 
polyurethane  layer  could  withstand  well  theses  power  levels.  At  the  highest  power,  the  sample 
started  to  show  apparent  darkening  of  ion  exchanged  region,  hinting  Ag+  reduction  and  eventually 
metal  segregation.  The  slab  waveguides  were  analyzed  by  means  of  a  Metricon  2010  prism-coupler 
analyzer.  Figure  1  shows  changes  in  waveguide  thickness  as  a  function  of  time  for  irradiation  at 
2.25W. 
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Figure  1:  Change  in  waveguide  thickness  as  a  function  of  time  for  irradiation  at  2.25W 


Detailed  measurements  on  the  samples  showed  no  significant  enlargement  of  the  waveguides’ 
thickness  in  non-irradiated  portions  of  the  waveguides. 

In  order  to  evaluate  the  temperature  at  which  the  tapering  of  the  waveguides  took  place,  we  applied 
two  different  methods.  First,  the  heat  transfer  equation  was  solved  for  the  glass  material  chosen 
(soda-lime  silica)  using  implicit  finite-difference  method.  The  solution  showed  quasi-homogeneous 
heating  at  the  relevant  depths  to  temperatures  of  290°C,  372°C  and  403°C  for  irradiation  at  2.0W, 
2.25W  and  2.5W  respectively.  The  second  method  of  evaluation  was  the  controlled  heating  of  the 
entire  samples  inside  an  oven  at  temperatures  within  those  calculated  ranges,  resulting  in  similar 
thickening  of  the  waveguides. 

Channel  waveguides  were  fabricated  in  order  to  investigate  lateral  tapering  effect  by  laser 
irradiation..  The  photolithography  mask  contained  straight  waveguides  of  widths  in  the  range  of 
2. 5pm- 3  pm.  The  silver-source  melt  was  identical  to  that  of  the  one  used  for  planar  waveguides,  but 
this  time,  the  processing  temperature  was  lowered  to  270°C  and  exchange  time  was  set  to  25min. 
These  parameters  ensured  formation  of  single-mode  waveguides.  Irradiation  took  place  at  a  power 
level  of  2.25W  and  a  laser  beam  of  3.5mm  diameter.  This  size  ensures  that  all  the  contiguous 
waveguides  selected  for  measurement  undergo  similar  thermal  treatment  conditions.  The  center  of 
the  beam  was  placed  at  the  edge  of  the  sample  in  order  to  be  able  to  measure  the  largest  possible 
tapering  effect.  Mode  spot-sizes  were  measured  by  a  near-field  imaging  setup,  at  a  wavelength  of 
790nm  of  radiation  fed  by  a  SMF  at  the  untreated  end  of  each  channel  waveguide.  Figure  2  shows 
lateral  and  depth  cross-sections  of  the  TE  basic  mode  at  the  exit  facet. 
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Figure  2.  Cross-sections  of  modes  at  exit  facet  before  and  after  laser  annealing.  Upper  graphs  show 
lateral  cross-sections  and  lower  graphs  depth  cross-sections. 


As  seen,  the  effect  of  mode  widening  by  means  of  laser  annealing  is  considerable  in  all  cases.  On 
the  average  the  widening  amounted  73%  and  47%  in  the  lateral  and  depth  dimensions  respectively. 

A  last  check  of  the  effect  of  laser  irradiation  on  the  dimensions  of  the  waveguides  was  performed 
by  SEM  imaging,  and  are  shown  in  Figure  3.  The  density  of  back-scattered  electrons  is  an 
indication  of  Ag+  ion  concentration.  Both  effects,  namely  the  widening  of  channels  and  the  dilution 
of  silver  are  apparent  in  the  figure.  Measurements  from  the  SEM  scan  show  widening  from  3.2pm 
and  4.6pm  before  annealing  to  5.8pm  and  6.2pm  after  annealing,  respectively. 


238 


Proc.  SPIE  Vol.  4637 


We  can  summarize  from  all  the  observations  above  that  widening  of  the  order  of  60%  and  up  is 
attainable  in  channel  waveguides  by  laser  irradiation  at  moderate  power  levels. 


3  Modification  of  refractive  index  in  ion-exchanged  glasses  by  vacuum-ultraviolet  pulse  laser 
irradiation 


The  objective  of  the  experiments  reported  in  this  section  was  to  explore  the  possibility  of  modifying 
the  refractive  index  of  already  existing  planar  waveguides  by  pure  irradiation  of  laser  light  in  the 
vacuum  ultraviolet  range.  The  relatively  high  absorption  coefficient  of  the  type  of  glass  used,  in  the 
near  UV,  leads  to  the  expectation  that  available  UV  sources  like  excimers  or  higher  harmonics  of 
Nd:YAG  laser,  would  be  effective  in  processing  the  glass.  The  influence  of  this  irradiation  will 
induce  structural  modification  at  moderate  irradiation  power,  and  surface  relief  modification  and 
ablation  at  higher  levels  of  irradiation.  The  first  type  of  process  is  likely  to  lead  to  refractive  index 
modification  for  waveguide  formation,2,5  and  the  second  one  to  a  controlled  etching  process  that 
would  be  useful  in  fabrication  of  gratings  and  rib-type  structures.  Applications  of  this  technology 
should  not  be  limited  to  waveguide  devices,  but  may  be  useful  also  in  other  applications  like  phase 
gratings,  holography  and  diffractive  optical  elements.  Our  purpose  again  was  to  rely  on  well- 
developed  techniques  of  Ag+-Na+  ion  exchange  to  form  planar  waveguides  and  subsequently 
modify  them  by  means  of  direct  laser  irradiation. 

Literature  reports  exist  on  UV  sensitization  of  glass  materials  by  incorporating  silver  ions,  into  bulk 
material.7  More  recently,  Tsunemoto  and  Koyama8  reported  on  relief  gratings  fabricated  by  laser 
irradiation,  where  the  glass  surface  was  pretreated  by  Ag  molten  salt. 
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Although  several  excimer  laser  wavelength  were  attempted,  best  results  were  obtained  by  using  an 
F2  laser  (X^=157nm,  Lambda-Physik  Model  LPF105)  as  irradiation  source.  Laser  pulse  duration  was 
20  nsecs  and  energies  were  in  the  20-30mJ  range.  Radiation  outcoming  from  the  laser  was  focused 
by  means  of  a  MgF2  lens  of  10cm  focal  length.  The  lens  and  sample  were  enclosed  in  an  oxygen- 
free  environment.  The  effect  of  laser  irradiation  on  ion-exchanged  waveguides  was  monitored  as  a 
function  of  laser  fluence  and  number  of  laser  pulse  shots.  Laser  fluence  was  varied  by  positioning 
the  sample  at  various  distances  away  from  the  focal  spot.  For  distances  closer  than  3cm  to  the  focus, 
ablation  effects  were  apparent.  Most  of  our  measurements  took  place  in  the  4-5.5cm  range.  Absence 
of  ablation  and  surface  smoothness  for  reported  samples  was  verified  by  surface  profilometer  down 
to  a  resolution  of  5nm. 


The  optical  modes  in  the  slab  wave-guide  and  their  effective  indexes  were  measured  using  a 
Metricon  Model  2010  Prism  Coupler,  based  on  He-Ne  laser  (632. 8nm).  Three  measurements  were 
taken  at  each  position.  The  apparatus  furnishes  effective  indices  from  which  the  entire  refractive 
index  can  be  retrieved.  7-8  modes  in  each  polarization  were  typically  measured.  The  optical 
absorption  spectra  of  the  glass  samples  either  after  ion  exchange  or  after  ion  exchange  followed  by 
irradiation,  were  measured  in  the  range  of  200-700nm  using  Hewlett  Packard  8452A  diode  array 
Spectrophotometer. 

Figure  4  shows  the  effective  index  as  a  function  of  the  number  of  pulses  for  the  first  and  the  third 
modes.  The  samples  here  were  based  on  0.5mm  thick  Coming  0211  substrates  pretreated  by  Ag+ 
ion-exchange. 
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Fig.4  Change  in  effective  index  of  the  first  and  third  guided  modes  (full  and  dotted  lines  respectively)  as  a 
function  of  number  of  irradiated  pulses.  Note  that  in  all  cases  the  third  mode  changed  more  than  the  first  one 


Straight  lines  in  Figure  4,  correspond  to  linear  regression  best  fit,  and  the  intercept  of  the  lines  close 
to  the  origin  indicate  a  cumulative  effect  as  a  function  on  number  of  pulses.  The  order  of  magnitude 
of  the  UV  induced  increments  is  of  2xl0‘3.  Observe  that  the  slope  of  the  third  mode  is  higher  than 
the  slope  corresponding  to  the  first  one,  hinting  that  the  highest  change  of  refractive  index  induced 
by  the  VUV  laser  is  attained  below  the  surface  of  sample.  The  irradiation  fluence  corresponding  to 
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a  single  pulse  was  of  55mJ/cm2.  The  waveguide  index  profiles  were  reconstructed  on  the  basis  of 
measured  modal  effective  indices  by  means  of  an  inverse  WKB  procedure.9  According  to  literature 
the  graded  index  profiles  corresponding  to  ion-exchange  waveguides  follow  either  Gauss  or  Erfc 
shapes.1  In  our  case  Gauss  gave  much  better  fits.  Figure  5  shows  a  graph  of  the  difference  between 
the  refractive  index  profiles  before  and  after  VUV  irradiation.  A  maximum  is  attained  here  at  depth 
of  ~5|im.  This  sample  was  irradiated  by  10  pulses  from  F2  laser.  The  effect  of  a  buried  maximum 
was  common  to  all  examined  samples. 


Fig.5  Profile  of  refractive  index  difference  in  Ag/Na  ion-exchanged  samples,  before 
and  after  irradiation  by  F2  laser 

Two  main  mechanisms  are  accepted  to  be  responsible  for  further  changes  in  the  refractive  index  of 
waveguides  produced  by  exchange  of  Na  and  Ag  ions  from  melt.  Both  of  them  are  present  when 
these  waveguides  are  thermally  annealed.  One  of  them 

is  the  reduction  of  Ag-i-  ions  into  neutral  atoms,  while  further  heating  causes  aggregation  of  silver 
atoms10.  The  second  effect  is  thermal  diffusion  of  both  atoms  and  ions  into  the  bulk.  This  last  effect 
causes  inevitably  a  decrease  in  refractive  index.  From  a  Kramers-Kronig  type  of  argument  one 
would  expect  an  increase  in  refractive 

index  from  the  first  mechanism,  namely  the  Ag+  -»  Ag„°  reaction,  since  the  absorption  bands  are 
shifted  toward  longer  wavelengths.  This  increase  however  has  not  been  observed  in  conventional 
heat-treatment  experiments,  since  it  is  covered  by  the  effect  of  diffusion,  which  is  dominant.  The 
VUV  laser  irradiation  method  reported  here,  due  to  the  short  pulse  duration,  eliminates  almost 
completely  thermal  diffusion,  allowing  the  sole  effect  of  Ag  reduction  to  manifest.  Indeed, 
reconstructed  refractive  index  profiles  show  almost  no  change  in  penetration  depth  after  laser 
treatment.  Samples  were  irradiated  also  by  lasers  at  longer  wavelengths  (248nm  and  193nm),  giving 
rise  to  weaker  effects  for  the  same  power  irradiation  conditions. 

Concluding  remarks 

We  presented  here  two  techniques  for  the  modification  of  refractive  index  profiles  in  ion-exchanged 
waveguides  in  glass.  Both  methods  are  based  on  laser  treatment  of  the  waveguides  surroundings. 
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The  first  one  is  based  on  visible-NIR  CW  radiation  and  induces  a  localized  thermal  effect  given  rise 
of  a  wider  index  profile  together  with  lowering  of  the  maximum  index.  This  effect  is  attributed 
purely  to  thermal  diffusion.  The  second  method  is  accomplished  by  irradiation  of  short  VUV  laser 
pulses.  Here  the  short  time  of  interaction  excludes  practically  diffusion  effects  but  induces  an 
increase  in  index  due  to  Ag+  ion  reduction.  Both  methods  therefore  complement  each  other  and 
should  be  useful  in  fabrication  of  waveguided  devices  requiring  tight  control  of  parameters. 
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ABSTRACT 

Novel  materials  processing  by  a  multiwavelength  excitation  process  using  F2  and  KrF  excimer  lasers  for  high- 
efficiency  and  high-speed  refractive  index  modification  of  fused  silica  is  demonstrated.  We  find  that  this  process  is 
essentially  superior  to  single-wavelength  F2  laser  processing.  The  multiwavelength  excitation  process  achieves  twice  of 
diffraction  efficiency  compared  with  that  of  single  F2  laser  irradiation  sample  at  the  same  number  of  total  photons  supplied 
to  the  sample.  This  high-efficiency  and  high-speed  modification  is  realized  within  ±50  ns  of  the  delay  time  of  each  laser 
beam  irradiation.  In  addition,  the  refractive  index  change  of  the  multiwavelength  sample  was  increased  by  8.2x1 0‘3, 
which  is  1.78  times  larger  than  that  of  single  wavelength  F2  laser  irradiation  sample  at  same  irradiation  time.  This 
superiority  of  the  multiwavelength  excitation  process  is  attributed  to  resonance  photoionization-like  process  based  on 
excited  state  absorption  in  fused  silica. 

Keywords:  F2  laser,  excimer  laser,  multiwavelength  excitation  process,  resonance  photoionization-like  process,  excited- 
state  absorption,  fused  silica,  refractive  index,  modification,  diffraction  efficiency,  optelectronics 

1.  Introduction 

Refractive  index  modification  of  fused  silica  and  related  silicate  glass  is  one  of  the  key  technologies  for 
manufacturing  integrated  optics  and  optoelectronic  integrated  circuits  [1-3].  The  conventional  technique  for  the  refractive 
index  modification  involves  introduction  of  dopants  by  either  ion-implantation  or  ion-exchange  [4,5].  Alternative  way 
using  laser  processing  can  avoid  impurity  incorporation  and  make  direct  patterning  without  a  resist  process  possible,  so 
that  it  conquers  disadvantage  of  former  technique.  However,  the  refractive  index  modification  of  fused  silica  by  laser 
beam  is  quite  difficult  due  to  its  excellent  transmittance  in  a  wide  wavelength  range  from  ultraviolet  (UV)  to  infrared 
(IR).  Therefore,  germanium-doped  silica  glass  (germanosilicate)  is  commonly  used  for  the  refractive  index  modification 
by  UV  excimer  laser  irradiation  [6].  Recently,  a  vacuum  ultraviolet  (VUV)  laser  has  shown  great  potential  as  a  tool  for 
refractive  index  modification  of  pure  fused  silica  [7-10],  However,  VUV  laser  process  currently  presents  some  drawbacks 
for  practical  use  such  as  small  pulse  energy,  expensive  optics,  instability  and  unreliability. 

To  overcome  these  problems,  we  have  developed  a  VUV-UV  multiwavelength  excitation  process,  in  which  F2 
laser  with  relatively  small  laser  fluence  and  KrF  excimer  laser  with  large  laser  fluence  are  simultaneously  irradiated  to 
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the  samples.  This  process  achieved  high-quality  ablation  of  fused  silica  similarly  to  single-wavelength  ablation  using  F2 
laser  [11-13].  In  addition,  this  process  has  some  advantages  over  single-wavelength  F2  laser  ablation.  That  is,  1)  the 
small  fluence  of  F2  laser  reduces  the  photon  cost  of  using  the  high-fluence  F2  laser  in  the  latter  process,  and  therefore,  2) 
the  processing  area  and  throughput  increase.  Additionally,  3)  since  the  ablation  proceeds  via  the  KrF  excimer  laser,  the 
necessity  for  the  expensive  F2  laser  optics  and  projection  system  is  eliminated,  and  a  conventional  excimer  laser  mask 
projection  system  can  be  utilized  for  micropatteming.  The  ablation  mechanism  can  be  attributed  to  excited-state  absorption 
(ESA)  [14].  Namely,  electrons  are  first  excited  from  the  valence  band  to  the  defect  levels  located  slightly  below  the 
conduction  band  by  F2  laser,  and  then  the  electrons  trapped  at  the  defect  levels  are  further  excited  over  vacuum  level  by 
simultaneously  irradiating  with  the  KrF  excimer  laser.  This  cascade  excitation  process  leads  to  bond  scission  in  fused 
silica  and  finally  causes  effective  ablation. 

In  this  study,  we  apply  the  multiwavelength  excitation  process  for  high-efficiency  and  high-speed  refractive 
index  modification  of  fused  silica.  From  the  results,  we  prove  the  essential  superiority  of  this  process  compared  with 
single-wavelength  F2  laser  processing.  This  superiority,  which  is  a  new  finding  in  materials  processing,  is  attributed  to  a 
resonance  photoionization-like  process  based  on  excited-state  absorption  (ESA),  and  may  be  applicable  for  various  kinds 
of  laser  processing. 


2.  Experimental  procedure 

The  experimental  setup  for  refractive  index  modification  of  fused  silica  by  the  multiwavelength  excitation 
process  using  F2  and  KrF  excimer  lasers  is  shown  in  Fig.l .  This  setup  is  almost  similar  to  that  used  for  ablation  [11],  UV- 
grade  fused  silica  (VIOSIL,  thickness  of 0.525  mm,  Shin-Etsu  Chemical  Co.,  Ltd.)  substrates  were  used  in  this  experiment. 
Before  the  fused  silica  substrate  was  introduced  into  the  chamber,  ultrasonic  cleaning  with  acetone  and  ethanol,  followed 
by  a  DI  water  rinse,  each  for  5  min,  was  earned  out.  The  chamber  was  filled  with  dry  nitrogen  gas  at  1  atm  to  prevent 
absorption  of  the  F2  laser  beam  from  oxygen.  The  fused  silica  substrates  were  simultaneously  irradiated  by  F2  (31=157 


248nm:  R>92% 


Figure  1 .  Schematic  illustration  of  experimental  setup  for  refractive  index  modification  of  fused 
silica  by  the  multiwavelength  excitation  process  using  F2  and  KrF  excimer  lasers. 
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nm,  t=20  ns)  and  KrF  excimer  (^=248  nm,  t=23  ns)  lasers.  For  co-axial  irradiation  of  F2  and  KrF  excimer  laser  beams, 
a  special  dichroic  mirror  composed  of  multilayer  of  dielectric  thin  films  on  an  MgF2  substrate  was  used.  This  mirror 
transmits  52  %  of  the  F2  laser  and  reflects  more  than  92  %  of  the  KrF  excimer  laser.  To  detect  each  laser  pulse  arriving 
at  the  sample  surface,  fluorescence  from  the  modified  fused  silica  was  observed  using  a  photodetector,  and  then  the 
irradiation  timing  of  each  laser  beam  was  adjusted  by  a  digital  pulse  generator  (Stanford  DG  535).  In  this  setup,  the 
irradiation  timing  was  controlled  within  about  1  ns.  Both  of  the  laser  beams  behind  the  dichroic  mirror  were  focused  by 
an  MgF2  lens  onto  the  surface  of  fused  silica  through  a  contact  mask  with  a  70  pm  line  and  space  pattern  made  of  stainless 
steel.  To  investigate  the  index  modification  efficiency,  the  diffraction  efficiency  of  the  modified  samples  was  defined  by 
comparing  the  powers  of  a  first-order  beam  with  that  of  a  zeroth-order  beam  using  a  He-Ne  laser. 

3.  Results  and  discussion 

Figure  2  shows  the  dependence  of  the  diffraction  efficiency  on  irradiation  time  for  F2-KrF  multiwavelength 
and  single-wavelength  F2  laser  irradiation.  The  fluences  of  F2  and  KrF  excimer  lasers  are  set  at  200  and  120  mJ/cm2, 
respectively,  where  each  laser  pulse  has  almost  the  same  photon  number.  Repetition  rate  of  each  laser  is  set  at  1  Hz.  In 
this  figure,  the  laser  beams  were  irradiated  under  conditions  where  no  compaction  took  place  in  the  fused  silica  for  easy 
determination  of  diffraction  efficiency.  The  surfaces  of  the  fused  silica  affer  laser  irradiation  were  observed  by  an  atomic 
force  microscope  (AFM).  The  AFM  images  indicated  that  all  samples  maintained  veiy  smooth  surfaces  without  compaction 
or  ablation.  This  surface  smoothness  was  also  confirmed  by  a  surface  profiler  (a-Step:  KLATencor,  Co.,  Ltd.).  Diffraction 
efficiency  of  both  samples  linearly  increases  with  increasing  irradiation  time.  At  an  irradiation  time  of  60  min,  the 
diffraction  efficiency  of  the  multiwavelength  sample  becomes  0.37  %,  which  is  4.1  times  larger  than  the  value  of  0.09  % 
obtained  for  the  single-wavelength  F2  laser  irradiation  sample.  Thus,  the  multiwavelength  excitation  process  enhanced 


Figure  2.  Dependence  of  the  diffraction  efficiency  on  irradiation  time  for  F2-  KrF  multiwavelength 

and  single  F2  laser  irradiation  at  the  repetition  rate  of  1  Hz.  The  fluences  of  F2  and  KrF  excimer  lasers 
are  set  at  200  and  120  mJ/cm2,  respectively. 
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increase  of  diffraction  efficiency  at  the  same  irradiation  time  compared  with  single-wavelength  F2  laser  irradiation  process. 
In  other  words,  the  multiwavelength  excitation  process  achieves  specific  diffraction  efficiency  in  a  much  shorter  irradiation 
time.  Of  course,  the  irradiation  time  for  achieving  the  specific  efficiency  can  be  shortened  by  increasing  the  repetition 
rate  (note  that  the  repetition  rate  is  kept  constant  at  1  Hz  in  the  present  experiments),  and  the  diffraction  efficiency  can  be 
increased  by  increasing  the  irradiation  time,  i.e.,  the  number  of  laser  pulses. 

Zhang  et  al.  reported  that  diffraction  efficiency  is  a  function  of  both  the  number  of  laser  pulses  and  the  laser 
fluence  [10],  From  a  more  detailed  discussion  in  their  experiment,  the  diffraction  efficiency  could  be  determined  by 
merely  the  total  number  of  photons  supplied  to  the  samples.  Here,  we  re-draw  Fig.  2  focusing  on  the  dependence  of 
diffraction  efficiency  on  the  total  number  of  photons,  and  present  the  results  in  Fig.  3.  In  the  case  of  multi  wavelength 
irradiation,  the  total  number  of  photons  means  the  sum  of  the  photon  numbers  for  both  F2  and  KrF  excimer  lasers.  The 
diffraction  efficiency  of  the  multiwavelength  irradiated  samples  shows  a  much  more  rapid  increase  with  an  increase  in 
the  total  number  of  photons  than  that  of  single-wavelength  F2  laser  irradiated  samples.  The  diffraction  efficiency  of  the 
multiwavelength  irradiated  sample  is  almost  twice  that  in  the  case  of  the  F2  laser  at  the  total  photon  number  of  1021  cm  2. 
It  is  noted  that  the  multiwavelength  irradiation  samples  are  supplied  half  number  of  F2  laser  photons  compared  with  that 
of  single-wavelength  F2  laser  irradiation  sample  at  same  total  photon  samples.  Thus,  F2-KtF  excimer  laser  multi  wavelength 
excitation  process  achieved  much  high-efficient  modification  of  fused  silica. 

This  high-efficient  enhancement  of  diffraction  efficiency  may  be  attributed  to  a  resonance  photoionization¬ 
like  process  based  on  the  ESA.  The  mechanism  can  be  understood  easily  based  on  the  band  structure  of  fused  silica 
shown  in  Fig.  4.  In  the  case  of  single-wavelength  F2  laser  irradiation,  electrons  are  first  excited  from  the  valence  band  to 
native  defect  levels,  which  are  ascribed  to  impurities  and  defects,  located  slightly  below  the  conduction  band.  (Direct 
excitation  from  valence  band  to  conduction  band  is  impossible  since  the  band  gap  of  fused  silica  (9.0  eV)  is  laiger  than 


Total  Number  of  Photons  [cm  2] 

Figure  3  Dependence  of  the  diffraction  efficiency  on  the  total  number  of  photons  for  F2-  KrF 
multiwavelength  and  single  F2  laser  irradiation  samples  which  used  in  Fig.  1.  The  total  number  of 
photons  means  product  of  photon  number  in  a  single  pulse  and  pulse  number.  In  the  case  of 
multi  wavelength  irradiation,  it  corresponds  to  sum  of  the  photon  numbers  for  both  F2  and  KrF  excimer 
lasers. 
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the  photon  energy  of  F2  laser  (7.9  eV).)  A  fraction  of  excited  electrons  are  further  excited  beyond  the  vacuum  level  by 
additional  F2  laser  photons  in  the  same  pulse,  but  some  of  them  are  relaxed  due  to  the  much  smaller  relaxation  rate  (1.7 
ns)  than  the  pulse  duration  of  each  laser  (20-23  ns)  [14].  On  the  other  hand,  in  the  case  of  the  multiwavelength  excitation 
process,  the  electrons  excited  by  F2  laser  are  efficiently  excited  beyond  the  vacuum  level  by  simultaneously  irradiated 
KrF  excimer  laser  beam  since  KrF  excimer  laser  is  absorbed  only  by  the  excited-state  electrons.  This  resonance 
photoionization-like  process  leads  to  much  more  efficient  photoionization  or  photodissociation,  resulting  in  greater 
refractive  index  change. 

To  carry  out  high-speed  and  high-efficiency  modification  by  multiwavelength  excitation  process,  irradiation 
timing  of  each  F2  and  KrF  excimer  laser  beam  is  the  one  of  the  most  important  factors.  Figure  5  shows  variation  of 
diffraction  efficiency  as  a  function  of  the  delay  time  of  F2  laser  irradiation  to  KrF  excimer  laser  irradiation.  The  delay 
time  in  a  minus  range  corresponds  to  F2  laser  irradiation  followed  by  KrF  excimer  laser  irradiation.  The  laser  fluences  of 
F2  and  KrF  excimer  lasers  are  140  and  90  mJ/cm2,  respectively,  where  each  laser  pulse  has  almost  the  same  photon 
number.  The  repetition  rate  of  each  laser  pulse  is  10  Hz.  At  the  delay  time  of  0  ns,  which  correspond  to  simultaneous 
irradiation  of  F2  and  KrF  excimer  lasers,  diffraction  efficiency  achieves  about  3  times  larger  than  that  of  single-wavelength 
F2  laser  irradiation  sample.  This  high-efficiency  and  high-speed  modification  is  realized  between  ±50  ns  of  the  delay 
time  of  each  laser  beam  irradiation.  Therefore,  resonance  ionization-like  process  based  on  excited-state  absorption  is 
obvious  at  this  range.  While,  relaxation  rate  of  excited  electrons  has  been  estimated  to  1 .7  ns,  which  is  much  shorter  than 
the  present  range  mentioned  above  [14].  One  of  the  reasons  is  ascribed  to  much  longer  pulse  duration  of  20  ns  (FWHM) 
for  F  laser  and  23  ns  (FWHM)  for  KrF  excimer  laser  than  the  relaxation  rate.  Another  reason  may  be  due  to  jitter  of  each 
Pulse  (~±10  ns). 

In  the  case  of  the  multiwavelength  excitation  process  for  effective  refractive  index  modification,  another 
important  factor  is  KrF  excimer  laser  fluence.  Figure  6  shows  the  dependence  of  diffraction  efficiency  on  the  irradiation 
at  two  different  KrF  excimer  laser  fluences  of  120  and  300  mJ/cm2.  In  this  experiment,  KrF  excimer  laser  fluence  of  120 


Figure  4  Band  structure  of  fused  silica  and  the  excitation  process  of  electrons  by  F2-KrF 
multiwavelength  and  single-wavelength  F2  laser  irradiation. 
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Delay  Time  [ns] 


Figure  5  Dependence  of  the  diffraction  efficiency  on  delay  time  of  KrF  excimer  laser  irradiation. 

Laser  beams  are  irradiated  for  10  min  at  10  Hz.  The  fluences  of  F2  and  KrF  excimer  lasers  are  set  at 
140  and  90  mJ/cm2,  respectively. 


Figure  6  Dependence  of  the  diffraction  efficiency  on  the  irradiation  time  at  the  F2  laser  fluence 
of 200  mJ/cm2.  KrF  excimer  laser  is  simultaneously  irradiated  at  two  different  laser  fluence  of  120  (= 
same  photon  number  as  that  in  an  F2  laser  pulse)  and  300  mJ/cm2.  The  repetition  rate  of  laser  irradiation 
is  1  Hz. 

mJ/cm2  has  almost  the  same  number  of  photons  as  that  of  F2  laser  fluence  of  200  mJ/cm2,  whereas  that  of  300  mJ/cm2 
corresponds  to  approximately  2.5  times  larger  photon  numbers.  The  repetition  rate  of  each  laser  is  1  Hz.  Diffraction 
efficiency  increases  with  increasing  pulse  number  independent  of  KrF  excimer  laser  fluence.  This  result  indicates  that 
supply  of  excess  photons  of  KrF  excimer  laser  does  not  influence  the  diffraction  efficiency  increase  and  much  photon  are 
wasted. 
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Therefore,  the  ratio  of  the  photons  supplied  from  each  laser  beam  is  important  for  effective  modification  of 
fused  silica.  To  determine  the  most  efficient  rate,  variation  of  the  diffraction  efficiency  on  the  ratio  of  photon  number  in  KrF 
excimer  laser  beam  to  that  in  F2  laser  beam  is  investigated  as  shown  in  Fig.  7.  The  ratio  of  photon  numbers  (KrF/F2)  of  1  means 
that  F2  and  KrF  excimer  laser  beams  processing  same  number  of  photons  are  irradiated  to  the  sample.  The  diffraction 
efficiency  monotonously  increase  with  increasing  the  ratio  up  to  0.65.  However,  at  more  than  0.65,  diffraction  efficiency 
tends  to  the  saturation.  This  result  supports  the  resonance  photoionization-like  process  discussed  before.  In  the 
multiwavelength  excitation  process,  F2  laser  photons  first  excite  the  electrons  from  valence  band  to  the  defect  level,  and 
a  fraction  of  the  excited  electrons  are  further  excited  from  defect  level  over  vacuum  level  similarly  to  the  case  of  single 
F  laser  irradiation.  Residual  excited  electrons  absorb  KrF  excimer  laser  photons.  Therefore,  the  diffraction  efficiency 
increases  with  increasing  KrF  excimer  laser  photon  number  up  to  the  critical  ratio  of  0.65.  At  this  critical  ratio,  all  of  the 
residual  excited  electrons  couple  with  KrF  excimer  laser  photons.  When  the  photons  of  KrF  excimer  laser  beyond  the 
critical  ratio  are  supplied,  the  excess  photon  has  no  partner  for  the  coupling.  Consequently,  the  diffraction  efficiency  is 
saturated  beyond  the  critical  ratio.  Thus,  the  ratio  of  0.65  between  F2  and  KrF  excimer  laser  photons  is  most  effective  for 
modification  of  fused  silica  by  F2-KrF  multiwavelength  excitation  process. 

Finally,  we  checked  the  refractive  indices  at  the  surfaces  of  the  sample  modified  by  F2-KrF  multiwavelength 
and  single-wavelength  F2  laser  irradiation  without  the  contact  mask  by  ellipsometry.  The  F2  and  KrF  excimer  laser 
fluence  are  75  and  50  mJ/cm2  respectively  and  irradiation  time  is  set  at  90  min  at  40  Hz.  The  increase  of  the  refractive 
index  of  the  multiwavelength  sample  becomes  8.2x  1  O'3,  which  is  1 .78  times  larger  than  that  of  4.6x  1  O'3  obtained  for  the 
single-wavelength  irradiation  sample. 


0.0  0.5  1.0  1.5  2.0  2.5 

Ratio  of  Photon  Numbers  (KrF/F2) 


Figure  7  Variation  of  the  diffraction  efficiency  on  the  ratio  of  photon  number  in  KrF  excimer 
laser  beam  to  that  in  F2  laser  beam.  Laser  beams  are  irradiated  for  10  min  at  10  Hz.  The  fluence  of  F2 
laser  is  set  at  200  mJ/cm2. 
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4.  Conclusion 

By  the  multiwavelength  excitation  process  using  F2  and  KrF  excimer  lasers,  high-efficiency  and  high-speed 
refractive  index  modification  of  fused  silica  has  been  realized.  Diffraction  efficiency  obtained  by  the  multiwavelength 
excitation  process  reached  more  than  twice  than  that  by  single-wavelength  irradiation  of  F2  laser  at  the  same  total  number 
of  photons  supplied  to  the  samples.  This  high-efficient  process  strongly  depended  on  delay  time  of  each  laser  beam 
irradiation  as  well  as  the  ratio  of  KrF  excimer  and  F2  laser  photon  numbers.  3  times  larger  diffraction  efficiency  of 
compared  with  single-F2  laser  irradiation  was  obtained  within  the  delay  time  of  ±50  ns.  The  most  effective  ratio  of 
supplied  photon  of  KrF  excimer  and  F2  lasers  is  estimated  to  be  0.65.  Excess  supply  of  photons  from  the  KrF  excimer 
laser  did  not  contribute  to  this  process,  resulting  in  waste  of  energy.  Furthermore,  the  increase  of  refractive  index  change 
of  the  multiwavelength  irradiation  sample  achieved  1.78  times  larger  than  that  of  the  single-wavelength  sample.  These 
favorable  and  unique  features  of  the  multiwavelength  excitation  process  are  caused  by  the  resonance  photoionization¬ 
like  process  based  on  the  excited  state  absorption.  Thus,  we  conclude  that  the  multiwavelength  excitation  process  by  co¬ 
axial  irradiation  using  F2  and  KrF  excimer  lasers  is  highly  attractive  for  high-efficiency  and  high-speed  refractive  index 
modification  of  fused  silica  and  its  practical  application. 
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ABSTRACT 

Buried  optical  waveguides  have  been  fabricated  directly  in  pure  bulk  fused  silica  with  a  novel  high-resolution  157- 
nm  optical  processing  system.  Refractive  index  changes  of  >10^  were  induced  within  the  small  focal  volume  (~6- 
pm  dia.)  of  large  numerical-aperture  optics  (0.4),  removing  the  need  for  ultrafast  laser  interactions.  Single-mode 
guiding  was  inferred  from  Gaussian-like  near-field  and  far-field  intensity  distributions  of  635-nm  guided  light.  The 
results  demonstrate  a  useful  extension  of  writing  buried  three  dimensional  refractive  index  structures  inside  glasses 
with  nanosecond  duration  ultraviolet  lasers. 

Key  words:  F2  laser,  photosensitivity,  direct  writing,  buried  waveguides,  fused  silica 


1.  INTRODUCTION 


More  than  a  decade  of  research  has  been  directed  towards  the  study  and  application  of  ultraviolet  (UV)  and  vacuum 
ultraviolet  (VUV)  lasers  in  shaping  refractive  index  structures  in  silica-based  glasses  such  as  optical  fibers  and 
planar  optical  circuits.[l]  UV  lasers  (193-250  nm)  are  routinely  applied  today  to  fabricate  fiber  Bragg  gratings  and 
long  period  gratings  of  commercial  importance  to  the  photonics  industry.  [1,2]  Current  development  efforts  are 
aimed  at  UV-laser  trimming  of  arrayed-waveguide  grating  wavelength-division  demultiplexers^]  and  direct  writing 
of  photonic  devices  such  as  waveguides,  splitters,  and  couplers.  [4,5]  In  all  cases,  the  UV  laser  light  is  either  shaped, 
masked,  or  focused  to  induce  refractive  index  patterns  solely  within  buried  photosensitive  waveguide  layers, 
restricting  the  patterning  to  one-  or  two-dimensional  structures.  Ultrafast  layers  have  been  applied  [6]  as  an 
alternative  means  to  induce  three-dimensional  structures  within  bulk  glasses  by  driving  nonlinear  absorption 
mechanisms  within  the  focal  volume  of  a  tightly  focused  beam. 

In  the  present  paper,  we  demonstrate  that  high  numerical  aperture  optics  (NA  =  0.4)  are  sufficient  to 
concentrate  UV-laser  photonsensitivity  responses  within  a  tight  focal  volume  inside  fused  silica  without  the  need  for 
ultrafast  interaction  physics.  The  short-wavelength  F2  laser  has  substantial  advantage  over  other  UV  laser  sources  in 
this  regard,  by  driving  efficient  one-photon  processes  (at  7.9  eV)  that  access  near  band-edge  defect  states  in  fused 
silica.  [7-9]  The  157-nm  interactions  smoothly  excise  fine  surface  structures  in  ablation  or  efficiently  induce 
refractive  index  structures  in  photosensitivity,  with  minimal  collateral  damage  and  free  of  microcrack  formation. 

In  UV-laser  damage  studies  of  fused  silica  at  193,  213,  and  248  nm  wavelengths,  [10]  only  very  small 
refractive-index-changes  of  ~10"5  were  noted  after  large  -350  kJ/cm2  doses.  The  underlying  multi-photon 
absorption  mechanisms  are  weak  in  contrast  to  157-nm  F2-laser  irradiation,  which  generated  volume  phase  gratings 
in  fused  silica  having  19%  efficiency  in  first  order  following  a  modest  20-kJ/cm2  dose.[9]  A  refractive  index  change 
of  4.5  x  Iff4  was  noted  within  a  moderate  penetration  depth  of  - 1  mm.  A  single-photon  photosensitivity  mechanism 
was  inferred,  and  the  F2-laser-induced  refractive  index  change  remained  stable  over  several  weeks  and  appeared 
permanent.  Much  stronger  157-nm  photosensitivity  mechanisms  are  noted  in  germanium-doped  silica  glasses[ll] 
such  as  found  in  the  core  of  standard  telecommunication  fiber  and  in  planar  optical  circuits.  Strong  long  period 
gratings  were  formed  rapidly  in  hydrogen-enhanced  fiber  using  only  5-J/cm2  fluence  of  157  nm  light.[12]  Highly 
stable  and  strong  photosensitivity  responses  could  be  locked  into  hydrogen-soaked  waveguides  by  pre-treatment 
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with  F2-laser  light.[ll,13]  Refractive  index  changes  in  the  range  of  10-4  to  10'3  were  easily  generated,  which  is 
practically  useful  for  writing  Bragg  or  volume  gratings. 

In  this  paper,  the  strong  photosensitivity  responses  of  record  short  wavelength  F2-laser  light  was  combined  with 
large  0.4-NA  Schwarzschild  optics  to  drive  refractive  index  changes  below  the  surface  of  bulk  fused  silica. 
Refractive  index  changes  of  -lO"4  were  generated  within  the  beam’s  focal  volume  (~6-pm  diameter)  without 
damage  to  the  glass  surface.  A  157-nm  optical  penetration  depth  of  ~l-mm  provided  sufficient  latitude  for  marking 
glasses  and  printing  buried  waveguides.  This  represents  the  first  formation  known  to  the  authors  of  buried  3D 
structures  by  a  long-pulse  duration  UV  laser  source.  Processing  windows  for  avoiding  cracks  and  writing  optical 
waveguides  are  assessed.  The  buried  waveguide  structures  represent  an  important  extension  for  nanosecond- 
duration  ultraviolet  laser  sources,  since  only  ultrafast  lasers  have  been  successful  to  date  in  writing  buried  structures 
inside  bulk  glasses.[6]  The  results  suggest  new  possibilities  for  F2-laser  microfabrication  of  photonic  components. 


2.  EXPERIMENTAL  PROCESSING  SYSTEM 


A  novel  high-resolution  157-nm  optical  processing  system  has  been  developed  at  the  University  of  Toronto  for 
fabrication  of  micro-optical  glass  components  in  telecommunication,  photonic,  and  biophotonic  applications,  as 
described  in  Ref.  [8].  In  brief,  a  commercial  F2  laser  (Lambda  Physik,  LPF  220i)  was  integrated  with  a  high- 
resolution  optical  system  for  157-nm  light  as  shown  schematically  in  Figure  1.  The  F2  laser  provided  ~25-mJ  pulses 
of  15-ns  duration  at  1  -  200-Hz  repetition  rate.  Beam  grooming  optics,  mounted  on  a  stable  aluminum  rail, 
consisted  of  a  dielectric  attenuator,  prism  telescope  expander,  cylindrical  lens  arrays  and  lenses  for  beam 
homogenization,  and  a  0.4  NA  Schwarzschild  lens  with  25x  demagnification.  All  optics  were  anti-reflection-coated 
CaF2  for  high  transparency  (~96  -  98%)  at  157-nm  wavelength.  The  homogenizer-lens  assembly  distributed  uniform 
fluence  (±5%)  across  the  6  mm  x  6  mm  mask  plane,  which  was  projected  in  turn  by  a  Schwarzschild  lens  onto  a  240 
pm  x  240  pm  target  plane  to  provide  variable  fluence  doses  of  up  to  ~9  J/cm2  per  pulse.  Free-standing  metal  foil 
masks  defined  150  to  1000-pm  diameter  beams  that  were  imaged  with  25x  demagnification  to  positions  100  to  450- 
pm  deep  inside  highly-polished  fused  silica  samples  of  20  mm  x  10  mm  x  5  mm  size. 
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Fig.  1  Schematic  of  the  high-resolution  Schwarzschild  configuration  of  the  F2-laser  optical  processing  system. 


The  3-m  long  aluminum-processing  chamber  and  beam  tubes  were  flushed  with  ultra-pure  nitrogen  gas  (<lppm 
O’)  bled  from  a  liquid  dewar  in  order  to  provide  a  high  transparency  path  for  the  157-nm  radiation.  A  nozzle 
located  between  the  Schwarzschild  lens  and  the  target  sample  directed  a  1  —  2-mm  long  transparent  stream  of 
nitrogen  gas  to  the  glass  sample.  In  this  way,  samples  could  be  conveniently  mounted  on  precise  computer- 
controlled  xyz-motion  stages  in  an  air  ambient  outside  of  the  optical  processing  chamber.  For  the  present 
experiment,  samples  were  driven  at  velocities  of  0.5  -  2.5  pm/s  to  control  the  total  laser  exposure. 
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Both  static  and  scanning  exposures  of  fused  silica  were  examined  in  order  to  assess  laser-processing  windows 
for  forming  refractive  index  structures  devoid  of  microcracks  and  other  damage.  A  single-pulse  fluence  of  7.1  J/cm 
was  applied  in  all  cases,  which  exceeded  the  1-J/cm2  threshold  fluence  for  surface  ablation  of  fused  silica.[7]  Such 
large  fluence  was  tolerated  internally  within  the  glass  without  notable  damage.  An  accumulated  fluence  of  10  - 
15  kJ/cm2  was  targeted  for  generating  refractive  index  changes  above  10-4  as  based  on  a  previous  F2-laser  fused 
silica  study.  [9]  Such  index  change  is  sufficient  for  forming  single-mode  waveguides  and  can  be  generated  at  scan 
speeds  of  ~1  pm/s  for  a  focal  spot  of  10  pm  x  20  pm  and  a  5  J/cm2  single-pulse  fluence.  Waveguides  were  formed 
in  a  side-writing  geometry  as  shown  in  Figure  2.  Samples  were  scanned  surface-to-surface  to  form  waveguides 
across  the  full  glass  length. 

Laser-treated  samples  were  backlight  and  viewed  with  a  high-resolution  optical  microscope  to  assess  the  size 
and  structure  of  the  laser  modified  zone.  Laser  diode  light  at  635  nm  or  HeNe  laser  light  at  633  nm  were  launched 
in  standard  telecommunication  fiber,  butt-coupled  into  the  laser-formed  waveguides,  and  observed  in  both  near  and 
far  field  from  the  waveguide  exit  with  a  CCD  camera  and  a  20x  microscope  objective. 


Fig.  2  Side-writing  arrangement  for  forming  buried  single-mode  waveguides  in  fused  silica  glass  blocks. 


3.  RESULTS  AND  DISCUSSION 


Static  157-nm  exposure  of  fused  silica  was  first  applied  with  various  focal  spot  sizes  of  6  -  40-pm  diameter. 
Surface  ablation  and  micro-cracking  due  to  radiation  damage  and  thermal  shocks  could  be  induced  under  prolonged 
exposure  when  the  laser  beam  was  imaged  near  the  first  surface  of  the  glass  sample.  Such  gross  damage  was 
avoided  when  the  focal  spot  was  moved  ~400-pm  into  the  interior  of  the  glass.  Under  internal  focusing,  the  laser- 
induced  refractive  index  contrast  became  visible  under  an  optical  microscope  as  shown  in  Figure  3.  Microcracks 
were  not  observable  by  the  optical  microscope  for  high  exposure  conditions  of  15  min,  20  min,  and  30  min  (left  to 
right)  corresponding  to  total  exposures  of  640,  850,  and  1,300  kJ/cm2  at  a  single  pulse  fluence  of  7.1  J/cm2.  The  40- 
pm-diameter  modification  zone  was  consistent  with  the  25x  demagnification  of  the  1-mm  diameter  mask,  and 
appeared  insensitive  to  the  total  laser  dose  as  also  noted  for  waveguide  fabrication  with  ultrafast  lasers.[14]  The 
static-exposure  study  revealed  a  large  laser-processing  window  for  generating  buried  refractive  index  structures 
without  microcrack  formation.  In  contrast,  processing  windows  for  ultrafast  lasers  are  much  narrower  due  to 
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material-damage  limits  at  high  fluence  and  a  large  fluence  threshold  for  driving  nonlinear  absorption  mechanisms  in 
transparent  glasses.[  15] 


Index 

contrast 


Fig  3.  Optical  image  in  backlighting  of  fused  silica  following  static  exposure  by  157  nm  laser  light  at  640, 850,  and  1,300  kJ/cm2 
doses,  from  left  to  right.  The  refractive  index  contrast  is  confined  within  a  40-pm  diameter  focal  spot  as  viewed  parallel  to  the 

laser  axis. 


Fused  silica  samples  were  transversely  scanned  during  the  laser  exposure  to  form  buried  waveguide  structures 
or  ablated  surface  channels,  defined  according  to  the  relative  position  of  the  focal  spot  and  the  fused  silica  surface. 
A  smaller  6-pm  diameter  focal  spot  size  was  used  to  form  waveguides  slightly  smaller  than  that  in  standard 
telecommunication  fiber.  Close  matching  of  the  core  size  and  refractive  index  profile  reduces  insertion  loss  and 
supports  single-mode  guiding.  Figure  4(a)  shows  typical  buried  waveguides  written  across  the  full  5-mm  width  of 
the  sample  using  total  exposures  of  6.3  kJ/cm2  (top)  and  5  kJ/cm2  (bottom)  at  2.0  pm/s  and  2.5  pm/s  scan  speeds, 
respectively.  Figure  4(b)  shows  surface  channels  ablated  under  similar  exposure  conditions.  The  images  revealed 
~6-pm  wide  waveguides  and  channels,  in  agreement  with  the  6-pm  laser  spot  size.  The  waveguide  width  appeared 
little  affected  by  the  laser  fluence  or  the  sample  translation  speed. 


I 

| 


_____  200  pm 

200  pm  . 


(a)  (b) 

Fig.  4  Optical  images  of  fused  silica  showing  buried  waveguide  structures  (a)  and  ablated  surface  channels  (b)  formed  by 
scanning  the  F2-laser  focal  spot  within  the  bulk  glass  and  on  the  glass  surface,  respectively. 


Visible  laser  light  was  readily  launched  by  fiber-butt  coupling  and  guided  by  the  laser-generated  waveguides. 
Stable  and  smooth  motion  drives  were  essential  during  waveguide  writing  to  reduce  losses  as  noted  by  the 
brightness  of  scattered  waveguide  light.  Pronounced  waveguide  losses  were  noted  for  large  Fi-laser  exposures  of 
50  kJ/cm^  when  scanned  at  0.28  pm/s.  An  estimate  of  the  refractive  index  change,  A n,  was  obtained  from  the  NA  = 
(2  n  An)2  of  He-Ne  laser  light  emerging  from  the  output  facet  of  the  waveguide.  A  An  value  of  ~1  x  10-4  was 
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observed,  which  is  in  a  good  agreement  with  a  value  of  ~2  x  KT4  inferred  from  volume  gratings  generated  by  a 
similar  15-kJ/cm2  radiation  dose.[9]  The  buried  waveguides  were  stable  at  room  temperature,  showing  no 
measurable  degradation  three  months  after  the  initial  exposure. 

Near-field  intensity  profiles  of  635-nm  light  exiting  the  5-mm  long  and  6-pm  diameter  waveguides  are  shown 
in  Figure  5.  The  inset  figure  reveals  a  highly  symmetric  single-mode  intensity  profile  of  6.4-p.m  diameter  (FWHM), 
closely  matching  the  diameter  of  the  focused  F2  laser.  The  high  symmetry  was  possible  because  of  the  small  depth- 
of-focus  of  the  0.4-NA  Schwarzschild  optics.  The  three  data  sets  in  Figure  5  were  obtain  from  waveguides  exposed 
to  an  accumulated  fluence  of  2.5  kJ/cm2  (squares),  5.0  J/cm2  (circles),  and  10  J/cm2  (triangles),  yielding  modal 
diameters  of  1 1.5  pm,  6.4  pm,  and  5.2  pm  (FWHM),  respectively.  The  data  are  well  represented  by  the  Gaussian 
curves  in  each  case,  indicating  single  mode  propagation.  Single  mode-guiding  is  expected  for  the  small  ~10 
refractive  index  change  in  the  6-pm  diameter  cylindrical  waveguide.  The  trend  of  decreasing  mode  size  with 
increasing  laser  dose  (and  lower  scanning  speed)  is  consistent  with  an  increasing  refractive  index  change  without 
changes  to  the  diameter  of  the  refractive  index  profile. 


Distance  (pm) 

Fig.  5  Near-field  intensity  profiles  of  the  guided  633-nm  light  in  waveguides  formed  at  10  kJ/cm2  (triangles),  5.0  J/cm2  (circles), 
and  2.5  J/cm2  (squares)  fluence,  respectively.  The  inset  figure  shows  a  CCD  camera  image  of  the  near-field  profile  for  data 

denoted  by  the  triangles. 


The  far-field  intensity  profile  of  guided  635-nm  light  is  shown  in  Fig.  6  for  a  6-pm  diameter  waveguide  formed 
at  14- J/cm2  dose  and  1.0-pm/s  scanning  speed.  The  Gaussian -like  shape  is  also  indicative  of  single-mode 
propagation.  The  rings  arise  from  interference  between  the  waveguide  light  and  uncoupled  light  from  the  fiber 
launch.  Further  refinements  in  the  beam  shaping  optics  will  improve  the  symmetry  of  the  waveguide  mode  and 
reduce  overall  insertion  losses  in  coupling  with  standard  optical  communication  fiber. 

The  present  results  are  the  first  known  demonstration  of  controlling  the  writing  of  glass  waveguide  structures  in 
three-dimension  with  the  beam  focus,  eliminating  the  conventional  requirement  of  ultrafast-laser  interaction  physics. 
Large  NA  optics  were  shown  to  compensate  for  single-photon  photosensitivity  mechanisms  that  would  normally 
induce  refractive  index  changes  beginning  at  the  surface  of  the  optical  sample.  Record  short  wavelength  F2  laser 
light  and  the  special  optical  tools  offered  a  flexible  approach  in  developing  new  application  directions  in  fabricating, 
trimming,  and  tuning  photonic  components  in  three  dimensions  directly  inside  fused  silica  bulk  materials.  Such 
principles  are  presently  well  demonstrated  for  ultrafast  lasers  that  rely  on  carefully  tuned  non-linear  absorption 
processes  in  a  focused  laser  beam.  The  F2-laser  has  the  advantage  of  a  broader  processing  window,  which 


Proc.  SPIE  Vol.  4637 


255 


accommodates  a  lower  laser-interaction  intensity  to  avoid  the  substantial  heating,  shock,  micro-void  formation,  and 
microcrack  generation  normally  associated  with  ultrafast-laser  interactions.  Optical  diffraction  limits  also  favor  the 
patterning  of  much  smaller  features  with  157-nm  light  than  with  longer  wavelength  ultrafast  lasers.  Further 
contrasts  with  ultrafast  laser  waveguide  writing  are  described  in  a  separate  conference  paper.[15] 

The  general  principles  of  waveguide  writing  demonstrated  here  for  F2  lasers  are  generally  extensible  to  longer 
wavelength  UV  lasers  for  glasses  appropriately  designed  with  strong  photosensitivity  response  and  modest  UV 
transparency.  Faster  waveguide  writing  speeds  than  the  ~l-pm/s  applied  here  are  an  important  goal  before  practical 
application  of  F2-laser  photonics  fabrication  can  be  realized.  To  this  end,  our  group  is  exploring  photosensitivity 
enhancement  techniques  and  other  writing  geometries  that  fully  utilize  the  large  output  power  of  the  F2  laser. 


Fig.  6  Far-field  intensity  image  of  635-nm  light  exiting  from  the  Fj-laser  laser  formed  waveguide.  Single  mode  propagation  is 
inferred  from  a  near-Gaussian  profile.  The  output  beam  has  28-mrad  divergence  (FWHM). 


4.  SUMMARY 


Single-mode  buried  channel  waveguides  have  been  fabricated  inside  fused  silica  with  a  high-resolution  157-nm  F2- 
laser  optical  system.  A  large  0.4  NA  Schwarzschild  lens  was  critical  in  concentrating  single-photon  photosensitivity 
responses  tightly  within  a  small  ~6-pm  diameter  focal  volume  of  the  laser  beam.  Waveguides  showed  a  high  degree 
of  cylindrical  symmetry  and  modest  refractive-index  changes  of  — 10”4  were  observed  for  a  fluence  exposure  of 
10  kJ/cm  .  Motorized  x-y-z  translation  stages  will  fully  extend  such  refractive  index  structuring  into  three 
dimensions,  representing  an  important  extension  from  the  1-D  and  2-D  structures  presently  fabricated  with 
nanosecond-duration  UV-laser  sources.  Buried  3-D  structures  were  previously  only  formed  with  ultrafast  lasers, 
and  the  present  results  point  to  new  manufacturing  directions  for  F2-laser  fabrication  of  photonic  components. 
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ABSTRACT 

Modifications  and  micro  .structures  are  generated  on  the  surface  and  in  the  volume  of  silicate  glasses  using  pulsed  UV 
laser  radiation  of  small  pulse  length.  During  the  interaction  of  pulsed  excimer  laser  radiation  (193  nm/20  ns,  248  nm/20 
ns,  308  nm/40  ns,  351  nm/20  ns)  and  ffequency-trippled  Nd:YAG  laser  radiation  (355  nm/10  ns)  with  intensities  below 
the  removal-threshold  of  the  cerium-  and  silver-doped  multi-component  silicate  glass  absorption  centers  in  the  UV  are 
induced.  Subsequent  thermal  treatment  and  wet  chemical  etching  results  in  crystallisation  of  the  laser-illuminated 
absorbing  region  and  in  the  fabrication  of  microstructures  on  the  surface.  Processing  of  sodalime-  and  boro-silicate 
glass  with  pulsed  ArF  excimer  laser  radiation  (193  nm/20  ns)  and  frequency-doubled  Nd:YAG  laser  radiation  (532  nm, 
1064  nm/40  ps)  with  intensities  above  the  removal-threshold  leads  to  microstructures  including  the  generation  of 
microcracks  on  the  surface  and  in  the  bulk.  The  dynamics  and  the  transmission  of  the  expanding  plasma  and  changes  in 
the  refractive  index  of  the  glass  are  investigated  with  Speckle  photography  using  the  pump  and  probe  method.  The 
determination  of  plasma  emission  and  crack  generation  is  carried  out  using  high  speed-  and  Nomarski  photography. 
Morphological  and  chemical  properties  of  the  debris  generated  under  defined  processing  gas  atmospheres  are 
investigated  with  REM,  white  light  interferometry,  XPS  and  EPMA.  Induced  absorption  and  changes  of  the  crystalline- 
phase  are  probed  using  optical-spectroscopy  and  XRD  as  well  REM.  On  the  basis  of  these  investigations  the  processes 
of  the  generation  of  induced  absorption  centers  and  crystallisation  on  the  one  hand  and  the  generation  of  cracks  and 
debris  on  the  other  hand  as  well  as  the  quality  of  the  produced  microstructures  is  discussed. 

Keywords:  microstructuring,  laser  irradiation,  UV  absorption,  excimer  laser  radiation,  microreaction  technology, 
photosensitive  glass,  soda  lime  glass 


1.  INTRODUCTION 

The  interaction  of  laser  radiation  with  dielectric  materials  has  been  investigated  since  the  beginning  of  laser  material 
processing.  Puzzling  effects  of  optical  breakdown,  avalanche  ionization,  multiphoton  ionization  or  laser-induced 
absorption  center  formation  especially  in  glasses  claim  for  research  until  now.  Glass  is  a  material  of  major  technological 
interest  for  design,  production  and  application  of  microsystems  for  numerous  applications  in  chemistry,  pharmacy, 
medicine  and  biotechnology  (e.g.  micromixers,  microreaction  chambers)  as  well  as  in  integrated  optics  (e.g. 
waveguides,  active  and  passive  optical  devices  and  Bragg-gratings).  Selected  optical  glass  combines  high  optical 
transmission  in  the  UV  to  IR  with  low  material  production  costs.  However,  the  processing  of  undoped  and  doped 
glasses  using  laser  radiation  is  limited  by  laser  radiation  induced  modifications  on  the  surface  and  in  the  volume  such  as 
the  generation  of  absorption  centers  or  the  formation  of  cracks,  for  example. 

The  focus  here  is  on  modification  of  photosensitive  glass  after  illumination  to  UV-laser  radiation  with  fluences  below 
the  material  removal  threshold  and  on  microstructuring  of  optical  soda  lime  glass  above  the  material  removal  threshold 
with  respect  to  the  formation  of  laser  radiation  induced  cracks  on  the  surface  and  in  the  volume  of  the  glass. 
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Rare-earth-ion-doped  crystals  and  glasses  are  ideal  candidates  as  materials  for  tunable  UV-solid-state  lasers  and 
scintillators  due  to  broad  4f  <->5d-flourescence  emission-bands  The  4f  <->5d  transitions  have  high  cross-sections 
because  they  are  both  electric-dipole  and  spin-allowed.  However,  due  to  a  high  probability  of  exited  state  absorption 
(ESA)  and  non-radiative  decay  as  well  as  photoionisation,  and  color  center-formation  rare-earth  doped  glasses  and 
crystals  show  rather  poor  laser-performance  characteristics  such  as  small  efficiency  and  repetition  rate  as  well  as  high 
laser  thresholds  when  pumped  with  laser  radiation  below  the  surface  damage  threshold.  2,3  Oscillator-strengths  and 
quantum  efficiencies  as  well  as  the  positions  of  the  maximum  and  their  halfwidths  of  the  4fc-»5d-absorption-and 
emission-bands  of  the  rare-earth-ions  are  experimentally  well-known  and  theoretically  investigated  for  a  multitude  of 
glasses  and  crystals.4,5'6  Since  the  4f  and  5d  states  have  opposite  parity,  a  two-photon  transition  is  electric-dipole- 
forbidden.  Significant  crystal-fields  can  lift  the  parity-selection  rule  leading  to  a  mixing  of  the  5d-energy  levels  and  to  a 
two-photon-absorption  in  Ce3+-doped  CeF2-crystalls.  7  The  ionisation  of  the  Ce3+-Ion  due  to  photo-excitation  in  the 
region  of  the  4f-5d-absorption-bands  can  be  explained  by  the  degeneration  of  excited  5d-states  with  the  electronic-states 
of  the  conductivity  band  of  the  glass  or  the  crystal.  8  Capture  of  the  quasi-ffee  electron  by  Ce^-ions  can  lead  to  the 
subsequent  generation  of  extrinsic  (impurity)  hole  centers  (HC)  such  as  (Ce3+)+  or  impurity  electron  color  centers  (CC) 
such  as  (Ce4t)‘  in  Ce-doped  glasses.  The  spectroscopic  properties  of  the  HCs  and  CCs  are  known  for  a  few  silicate 
glasses.  9  The  generation  of  HCs  and  CCs  in  crystals  and  glasses  are  characterized  by  significant  oscillator-strengths  (f 
=  0, 1-1,0)  which  are  larger  by  a  factor  of  ten  compared  to  the  5d-4f-flourescence  transitions.  10  In  lithium 
aluminosilicate  and  sodium  zinc  aluminosilicate  glass  doped  with  cerium  (Ce)  and  silver  (Ag)  holographic 
modifications  were  generated  by  illumination  of  UV  laser  radiation  followed  by  thermal  treatment. 11  In  a  photo-thermal 
process  (UV-illumination  and  thermal  treatment)  colloidal  silver  (xAg°  — »  (Ag°)x)  as  well  as  dielectric  microcrystals 
(e.g.  Lithium  metasilicate)  are  generated  in  the  bulk  of  the  glass. 12  The  nucleation  and  growth  kinetics  of  silver  particles 
as  well  as  the  crystallization  kinetics  of  the  crystals  in  photosensitive  glass  have  been  investigated  in  detail 
experimentally  and  theoretically.  13,14  Using  pulsed  IR-femtosecond  laser  radiation  the  generation  of  linear 
microstructures  in  the  bulk  of  photosensitive  Ce-and  Ag-doped  lithium  aluminosilicate  glass  due  to  multiphoton 
absorption  without  subsequent  tempering  was  recently  demonstrated. 15,16 

Using  a  simple  model 17  the  optical  changes  caused  by  illumination  with  UV  laser  radiation  in  Ce-and  Ag-doped  lithium 
aluminosilicate  glass  can  be  described  within  a  two-step-process.  The  photoionisation  of  the  donator  Ce  +  in  the 
electronic  ground  state  configuration  [Xe]  4f  2F5/2, 7/2  leads  to  a  Ce4+-Ion  with  a  photoelectron  in  the  conduction-band  of 
the  glass-matrix  (first  step).  Absorption  of  the  electron  by  ionic  silver  Ag1+  due  to  heat  treatment  leads  to  atomic  silver 
Ag°  (second  step).  The  photon  energy  required  for  ionisation  of  the  Ce3+-donator  in  silicate  glass  is  >3.5  eV.  18,19  The 
optical  bandgap  energy  of  4,8  eV  for  the  non-illuminated  glass  is  determined  using  a  standard-procedure.  20  Illumination 
of  Ce-and  Ag-doped  photosensitive  glass  with  UV-photons  by  laser  radiation  can  lead  to  the  generation  of  defect 
centers  and  to  positive  as  well  as  negative  changes  in  induced  absorption  in  the  deep  UV  spectral  range.  For  a  proper 
understanding  of  the  photochemical  processes  underlying  the  defect  generation,  it  is  important  to  know  the  change  of 
the  valence-states  and  the  concentrations  of  the  polyvalent  ions  during  exposure  to  UV-laser  radiation.  Besides  it  is 
important  to  take  not  only  the  acceptor  Ag  but  also  the  acceptors  Sn  and  Sb  into  account.  Since  the  polyvalent  acceptors 
Ag1+,  Sn4*  and  Sb5+  are  isoelectronic  with  the  electronic  configuration  [Xe]  4d10  the  dominant  photochemical-processes 
such  as  UV-absorption  and  re-charging  of  the  polyvalent  ions  are  expected  to  be  multistage  and  cooperative  in  nature. 
This  is  probably  the  reason  that  the  physical  processes  in  multicomponent  photosensitive  glasses  are  still  less 
understood. 

Microstructuring  of  glass  with  pulsed  excimer  lasers  (V=  193  nm  (ArF)  and  XL=  248  nm  (KrF))  with  fluences  above 
the  material  removal  threshold  yields  structure  sizes  down  to  the  1  pm  range  with  material  removal  rates  >  1  pm/pulse 
21  and  shows  generation  of  precise  geometric  surface  structures.  Mask  projektion  with  homogenized  power  density 
distribution  allows  processing  of  surface  areas  (cm2-scale)  without  the  need  of  manipulating  the  workpiece.  Depending 
on  the  laser  parameters,  the  generation  of  cracks  and  spallation  of  the  glass  surface,  as  one  of  the  main  problems  with 
microstructuring  of  glass,  could  be  avoided.  22  The  material  removal  process  of  glass  in  thermal  regime  is  based  on 
melting  and  subsequent  vaporisation.  Photon  energies  of  excimer  laser  radiation  (ArF:  6.4  eV/KrF:  5.0  eV)  are  not 
sufficient  to  sublimate  the  glass  with  binding  energies  and  optical  band  gap  energies  in  the  range  of  7-9  eV.  23  Debris  on 
the  edges  of  the  microstructures  is  produced  due  to  solidification  of  molten  glass  droplets,  which  are  carried  along  with 
the  vapor/plasma  during  the  material  removal  process,  leading  to  deposits  of  vapor/plasma  particles  depending  on 
processing  parameters  such  as  processing  gas  pressure. 
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2.  EXPERIMENTAL 


The  photosensitive  glass  74,29  Si02  1 1,61  Li20  7,2  A1203  2,74  Na20  4,16  K20  0,18  AgN03  0,4  Sb203  0,07  SnO  0,065 
CeCl3  (raw  materials  in  wt  %)  under  investigation  was  melted  four  hours  at  1550  C  in  a  platinium  fiimace  and  annealed 
under  controlled  conditions  in  a  high-grade  steel  cylinder.  The  solid-glass  was  sawn  and  polished  to  optical  quality.  The 
substrates  are  20  mm  long,  5  mm  broad  and  1  mm  thick.  The  glass-substrates  were  illuminated  using  pulsed  excimer 
laser  radiation  (XeF/351  nm,  XeCl/308  nm,  KrF/248  nm,  ArF/193  nm)  with  pulse  length  rL  =  30, 40,  20  and  20  ns  and 
pulsed  3wNd:YAG-laser  radiation  (355  nm,  pulse  length  tL  =  10  ns)  below  the  surface  damage  threshold.  For 
illumination  the  substrates  were  translated  with  constant  velocity  on  a  x-y-stage  perpendicular  to  the  laser  beam.  The 
excimer  laser  radiation  was  imaged  with  a  mask  (circular-hole  with  diameter  1  mm)  on  the  glass  surface  by  large 
working  distance  objectives  (working  distance:  15  cm,  demagnification  10:1).  For  3wNd:YAG-laser  radiation  the  focus 
of  the  radiation  was  outside  the  glass  surface.  The  diameter  of  the  laser  radiation  on  the  glass  surface  varied  between  80 
and  100  pm.  The  overlapp  in  x-and  y-direction  of  the  laser  beam  between  successive  pulses  of  the  laser  radiation  was 
0,1. 

For  modification  the  surface  damage  thresholds  were  determined  by  viewing  the  surface  for  a  given  pulse  number  after 
illumination  using  optical  microscopy.  The  surface  damage  threshold  is  given  by  the  fluence  interval  for  no  observable 
modification  and  the  on-set  of  visible  surface  damage.  For  investigations  on  induced  absorption  the  transmittivity  of  the 
non-illuminated  and  of  the  glass  in  the  spectral  range  of  230-2500  nm  were  measured  with  optical  spectroscopy  for 
vertical  incidence  of  non-coherent  and  low-intensity  radiation.  The  absorption  coefficient  for  non-illuminated  and 
illuminated  glass  was  calculated  taking  reflections  on  the  surface  as  well  as  internal  dispersion  into  account. 

The  method  for  production  of  optical  soda  lime  glass  (74  Si02 16  Na20  12  CaO  4  K20  6  Mg20,  3  A1203)  is  the  float 
process.  A  ribbon  of  molten  glass  is  fed  across  a  bath  of  heated  liquid,  usually  molten  tin,  in  a  carefully  controlled 
processing  atmosphere.  The  side  of  the  glass  ribbon  in  contact  to  the  molten  tin  is  called  bathside,  whereas  the  opposite 
side  of  the  glass  ribbon  is  called  fireside.  The  samples  of  optical  soda  lime  glass  (dimensions:  1  cm  x  1  cm  x  0.1  cm) 
axe  mounted  onto  a  high  precision  (accuracy  of  position  2  pm  along  a  length  of  2  cm)  x-y-z-translation  stage  in  a 
process  gas  chamber.  Pulsed  ArF  excimer  laser  radiation  (XL=  193  nm,  tl=  20  ns)  and  KrF  excimer  laser  radiation  (XL= 
248  nm,  25  ns)  is  imaged  by  rectangular  masks  onto  the  sample  surface  by  large  working  distance  objectives 
(working  distance:  13  cm,  demagnification  8:1).  The  sapphire  entrance  window  is  protected  against  the  reactive 
processing  gas  atmosphere  by  He  purging  gas. 

XPS  measurements  (surface  sensitive  up  to  measuring  depths  <  10  nm)  for  investigations  on  chemical  composition  on 
bathside  and  fireside  of  the  glass  samples  are  earned  out.  Investigations  on  geometries  of  the  microstructures,  structure 
depth  and  debris  height  and  width  are  made  by  optical  microscopy  and  white  light  interferometry.  Transmittivity  and 
reflectivity  in  the  spectral  range  of  350-2500  nm  were  measured  with  optical  spectroscopy  at  vertical  incidence  of 
radiation. 


3.  RESULTS  AND  DISCUSSION 


3.1  Photosensitive  glass 
Transmitivity 

Fig.  1  displays  the  transmitivity  as  a  function  of  wavelength  from  UV  to  IR  for  non-illuminated  photosensitive  glass. 
The  non-illuminated  glass  is  transparent  (T  >  0,9)  from  350  to  3250  nm,  showing  two  absorption  edges  with  no 
observable  structure  m  the  IR  at  2750  nm  and  around  300  nm  in  the  UV.  The  IR-transmitivity  for  wavelengths  >  2750 
nm  is  ascribed  to  vibration-modes  of  hydroxyl  groups  in  the  glass-network.  Fig.  2  shows  the  transmitivity  as  a  function 
of  wavelength  between  200-400  nm.  Bars  indicate  the  wavelengths  of  the  laser  radiation  used  for  illumination.  The 
absorption-band  at  300  nm  is  assigned  to  the  well  known  4f-5d-absorption  of  Ce3* . 
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Fig.  1:  Transmitivity  of  photosensitive 
glass  (thickness  d  =  700(15)  ^m). 


Fig.  2:  UV-transmitivity  of  photosensitive 
glass,  bars  indicate  the  laser-wavelength 
used  for  illumination,  arrows  indicate  the 
energy  E10n  (Ce3+)  for  Ce3+-ionisation  and 
the  energy  Egapof  the  optical  band  gap. 


Surface  damage  thresholds 

For  ns-laser  radiation  there  is  significant  transfer  of  optical  energy  from  the  laser  radiation  excited  electrons  to  the 
lattice  on  the  time  scale  of  the  laser  pulse  duration.  Optical  energy  is  coupled  into  the  glass  and  is  transported  out  of  the 
focal  volume  by  thermal  diffusion.  Surface  damage  occurs  when  the  temperature  of  the  glass  in  the  illuminated  region  is 
greater  than  the  temperature  for  melting  or  fracture.  Thus,  the  surface  damage  threshold  is  determined  by  the  relative 
rate  of  energy  deposition  to  thermal  diffusion. 


Fig.  4:  Induced  absorption  coefficient  as  a 
function  of  wavelength  (laser  wavelength 
AL  =  355  nm,  pulslength  rL  =  10  ns, 
repetition  rate  vL  =  100  Hz,  illuminated  area 
A  =  5x20  mm2,  overlapp  O  of  laserbeam 
between  successive  pulses  =  0.1). 


Fig.  3:  Surface  damage  threshold  as  a  function 
of  pulse  number  NL  (3wNd:YAG  /  A  =  355  nm  / 
rL  =  10  ns,  XeCl  /  A  =  308  nm  /  rL  =40  ns, 
KrF  /  A  =  248  nm  /  rL  =  20  ns,  ArF  /  A  =  193 
nm  /  rL  =  20  ns,  repetition  rate  vL  =  1  Hz). 


Proc.  SPIE  Vol.  4637 


261 


Fig.  3  displays  the  surface  damage  thresholds  as  a  function  of  pulse  number  for  pulsed  laser  radiation  of  wavelengths 
355  nm  (3wNd:YAG),  308  nm  (XeCl),  248  nm  (KrF),  and  193  nm  (ArF).  The  surface  damage  threshold  for  ArF  laser 
radiation  is  0.5  J/cm2  and  constant  for  pulse  number  NL  <  80.  The  surface  damage  threshold  for  KrF-laser  radiation  is  5 
J/cm  for  pulse  number  NL  <  2000.  For  pulse  number  NL  >  2000  a  slight  shift  (<  10%)  of  the  surface  damage  threshold 
as  a  function  of  pulse  number  is  observed.  The  surface  damage  thresholds  for  3wNd:YAG  and  XeCl-laser  radiation  are 
a  non-linear  and  monotonous  decreasing  function  of  pulse  number  NL.  For  3aiNd:YAG  and  pulse  number  NL  <  20  the 
surface  damage  threshold  is  found  to  be  12  J/cm2.  For  XeCl  laser  radiation  and  pulse  number  NL  <  100  the  surface 
damage  threshold  is  15  J/cm2.  The  change  of  the  surface  damage  threshold  for  ns-laser  radiation  as  a  function  of  pulse 
number  can  be  explained  qualitatively  by  incubation  and  accumulation  processes  of  absorption  centers  induced  by  the 
pulsed  UV-laser  radiation.  The  ionisation  of  Ce3+-Ions  with  laser-photons  >  3.5  eV  leads  to  an  increase  in  electron 
concentration  in  the  conduction  band  of  the  glass  matrix. 

A  fraction  of  the  conduction-band  electrons  will  be  captured  by  polyvalent  ions  such  as  Ag1+,  Sn44'54  or  Sb54'64  leading 
to  atomic  silver  Ag°,  Sn3+,4+  and  Sb44'54.  Another  fraction  of  electrons  will  be  used  for  the  generation  of  CC  or  HC- 
defect  centers  with  a  binding  energies  similar  to  the  Ce3+  or  Ce44  -ions.  The  generation  of  new  electronic  states  within 
the  optical  band  gap  will  lead  to  an  significant  change  of  the  spectral  absorption  cross  section  between  successive  laser 
pulses.  The  change  in  the  concentration  of  the  polyvalent  ions  Ag°,  Sn3+  and  Sb44  will  increase  with  pulse  number  and 
will  finally  saturate  depending  on  the  concentration  of  the  polyvalent  ions  in  the  non-illuminated  glass  and  on  fluence. 
The  change  of  the  surface  damage  threshold  will  eventually  decrease  as  a  function  of  pulse  number. 


Induced  absorption 

The  permanent  changes  of  the  absorption  coefficient  for  the  illuminated  glasses  using  3wNd:YAG,  XeCl  and  KrF-laser 
radiation  as  a  function  of  fluence  is  shown  and  the  absorption  coefficient  of  the  non-illuminated  glass  is  subtracted  (Fig. 
4,  5,  and  6).  Because  of  the  small  transmitivity  (T  <  0,15)  in  the  spectral  range  200-250  nm  of  the  non-illuminated 
glasses  the  induced  absorption  coefficient  for  A  <  250  nm  is  not  displayed.  The  absorption  coefficient  of  the 
photosensitive  glass  changes  in  amount  and  sign  during  illumination  with  laser  radiation  as  a  function  of  photon  energy 
and  fluence. 


Fig.  5:  Induced  absorption  coefficient  as  a 
function  of  wavelength  (wavelength  AL  = 
308  nm,  pulslength  zL  =  40  ns,  repetition 
rate  vL  =  20  Hz,  illuminated  area  A= 

5x20  mm2,  overlapp  O  of  laserbeam 
between  successive  pulses  =  0.1). 


Fig.  6:  Induced  absorption  coefficient 
as  a  function  of  wavelength 
(wavelength  AL  =  248  nm,  pulslength 
rL  =  20  ns,  repetition  rate  VL  =  20  Hz, 
illuminated  area  A=  5x20  mm2. 
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Fig.  4  displays  the  induced  absorption  coefficient  for  illumination  with  3wNd:YAG  laser  radiation.  For  fluence  <  0.8 
J/cm2the  absorption  coefficient  is  positive  (<  5cm'1)  and  a  linear  monotonous  function  of  the  fluence.  For  fluence  >  2 
J/cm2the  change  in  absorption  coefficient  is  positive  as  well  as  negative  (<  -6  J/cm2 )  with  two  pronounced  maxima  at 
290  tun  (4.6  eV)  and  350  nm  (3.5  eV).  The  amount  of  induced  absorption  coefficient  at  290  nm  and  at  350  nm  is  an 
increasing  function  of  fluence.  The  induced  absorption  band  is  distributed  in  the  optical  band  gap  and  located  0.2  eV 
and  1.3  eV  below  the  edge  of  the  conduction  band. 

Fig.  5  displays  the  induced  absorption  coefficient  for  illumination  with  XeCl-laser  radiation.  For  a  fluence  of  0.6  J/cm 
the  induced  absorption  coefficient  is  minimal  and  negative  (<  2  cm'1)  at  320  nm  with  a  maximum  around  300  nm  (<  5 
J/cm2 ).  For  A  <  280  nm  an  induced  absorption  coefficient  of  <  -10  J/cm2  is  found.  For  fluences  >  0.6  to  10  J/cm2  one 
pronounced  maximum  (+  33  cm'1)  is  observed  at  270  nm  (4.6  eV)  with  a  full  width  at  half  maximum  of  >  70  nm.  The 
absorption  coefficient  at  270  nm  (4.6  eV)  is  a  increasing  function  fluence  and  seems  to  saturate  between  10  and  13 
J/cm2.  The  induced  absorption  band  for  XeCl-laser  radiation  is  located  near  the  edge  of  the  conduction  band  and  seems 
to  have  a  significant  overlapp  with  the  conduction  band. 

Fig.  6  shows  the  induced  absorption  coefficient  for  illumination  with  KrF-laser  radiation.  The  spectral  dependence  of 
the  induced  absorption  coefficient  for  KrF-laser  radiation  is  the  same  compared  to  3wNd:YAG-laser  radiation.  Two 
pronounced  positive  maxima  at  290  nm  (4.3  eV)  and  330  nm  (3.7  eV)  witch  are  not  as  well  separated  than  for 
3wNd:YAG-laser  radiation  illumination  and  a  negative  change  for  A  <  280  nm  is  observed.  For  fluence  <  0.5  J/cm2  the 
induced  absorption  coefficient  is  positive  with  an  amplitude  <  4  cm"1.  For  fluence  >  0.5  J/cm2  the  induced  absorption 
coefficient  is  positive  and  with  two  maxima  <  5  cm'1  at  290  nm  and  <  4  cm1  at  330  nm.  The  induced  absorption 
coefficient  at  290  nm  and  at  330  nm  is  an  increasing  function  of  fluence.  For  A  <  280  nm  the  induced  absorption 
coefficient  is  negative  (<  -10  J/cm2)  as  for  3wNd:YAG-laser  radiation.  The  induced  absorption  band  is  located  in  the 
optical  bandgap  0.5  eV  and  1.1  eV  below  the  edge  of  the  conduction  band. 

The  generation  for  extrinsic  defect  centers  is  only  possible  for  a  photon  energy  hv  greater  than  the  optical  inter-band 
energy  EgaPof  the  glass-matrix.  Intrinsic  defect  centers  in  the  glass  such  as  Ce3+-ions  can  lead  to  electronic  energy  levels 
located  in  the  optical  band  gap.  The  generation  of  extrinsic  defect  centers  is  then  possible  with  a  photon  energy  hv  £ 
Egap.  The  density  of  electronic  states  for  amorphous  materials  as  a  function  of  energy  can  be  written  in  the  form  Gv  (-E) 
oc  Ep  for  the  conduction-band  and  GL  (E)  (E-Egap  )q  for  the  valence-band. 24  This  assumption  is  expected  to  hold  not 
only  for  chalcogenide-and  fluorid  glass  but  also  for  silicate  glass.  25  When  the  shape  density  of  electronic  states  is 
parabolic  (p  =  q  =  1/2)  the  energy-dependence  of  the  absorption-coefficient  a  can  be  written  as  ochv  =  C(hv  -  Egap )“,  C 
is  a  constant.  The  energy  of  the  optical  band  Egap  in  this  model  is  the  difference  between  the  valence  and  conduction 
band  localization  edges.  Egap  of  the  photosensitive  glass  is  found  to  be  4.8  eV  with  extrapolation.  With  the  assumption 
of  linear  absorption  processes  a  direct  inter-band  excitation  with  UV -laser  radiation  of  the  energy  hv  ^  Egap  creating 
excitons  is  only  possible  for  KrF  (hv  =  5  eV)  and  ArF  (hv  =  6.4  eV)  laser  radiation.  Since  defect  center  generation  is 
observed  for  XeCl  and  for  3wNd:YAG  laser  radiation  with  photon  energy  hv  £  Egap  the  ionic-ground  of  the  Ce3t-Ion  is 
located  within  the  optical  bandgap  of  the  glass-matrix.  Since  the  highest  induced  absorption  (<  35  cm'1)  is  observed 
with  4.0  eV-photons  from  XeCl-laser  radiation  0.2  eV  below  the  optical  bandgap  (4.8  eV)  the  dominating  process  for 
illumination  with  XeCl-laser  radiation  seems  to  be  photoionisation  Ce3++  hv  — >  Ce4*  +  e'.  The  pronounced  maximum  < 
35  cm’1  of  induced  absorption  observed  around  4.6  eV  can  be  assigned  to  the  creation  of  Ce4+-ions  due  to  resonant 
photoionisation  of  the  Ce3+-ions.  26  The  two  maxima  of  induced  absorption  at  290  nm  (4.3  eV)  and  350  nm  (3.5  eV)  as 
observed  with  3wNd:YAG-and  KrF-laser  radiation  for  photon-densities  >  1  J/cm2  can  be  assigned  to  the  generation  of 
two  extrinsic  (impurity)  hole  centers  such  as  (Ce3+)+  or  impurity  electron  color  centers  such  as  (Ce4*)'  with  binding 
energies  comparable  and  higher  to  the  Ce3+'ionisation  energy  threshold  (>3.5  eV).  The  observation  of  comparatively 
small  induced  absorption  of  <  3  cm'1  around  4.3  eV  with  3.5  eV-photons  from  3a)Nd:YAG-laser  radiation  and  with  5.0 
eV  photons  from  KrF-laser  radiation  showing  similar  induced-absorption  spectra  can  be  understood  by  a  significant 
radiative  relaxation-rate  during  non-resonant  excitation  instead  of  a  non-radiative  relaxation  to  the  Ce3+-ground  state  or 
photoionisation  generating  Ce4*  ions  at  4.6  eV. 
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3.2  Soda  lime  glass 
Materia]  removal  rate 

The  material  removal  rates  on  the  fireside  for  processing  with  excimer  laser  radiation  at  a  wavelength  of  XL=  193  nm 
are  below  100  nm/pulse  for  fluences  <  2.05  J/cm2  (Fig.  7).  The  removal  threshold  is  estimated  by  extrapolation  of  the 
material  removal  functions  for  processed  areas  of  A=  0.01  mm2  and  A=1.5  mm2  to  a  value  of  0.49  J/cm  .  The  material 
removal  rate  is  depending  on  the  size  of  the  processed  area.  Possible  reasons  for  the  increase  of  the  material  removal 
rate  with  decreasing  processed  area  are  Fresnel  diffraction  at  the  mask,  plasma  absorption,  and  reflexion  on  the 
generated  flanks  of  the  structure. 


fluence  el  [J/cm2] 

Fig.  7:  Material  removal  rate  on  the  fireside  as 


a  function  of  fluence  for  different  processed 
areas  A  (wavelength  XL=  193  nm,  repetition 
rate  vL=  1  Hz,  number  of  pulses  NL=  50). 


E  fluence  eL  [J/cm2] 


Fig.  8:  Material  removal  rate  on  fireside 
and  bathside  as  a  function  of  fluence 
(wavelength  1\  =  193  nm,  repetition  rate 
vL=  1  Hz,  processed  area  A=  1.5  mm2, 
number  of  pulses  NL=  50). 


Fig.  8  shows  higher  material  removal  rate  on  the  bathside  compared  to  fireside.  XPS  measurements  indicate  a  small 
amount  of  tin  at  the  surface  of  the  bathside  in  contrast  to  the  fireside.  The  absorption  of  laser  radiation  on  the  bathside 
may  be  increased  by  the  tin  particles  as  additional  absorption  centres.  As  a  consequence,  structural  modifications  in  the 
glass  may  occur,  probably  leading  to  generation  of  color  centers  as  additional  absorption  centers  for  excimer  laser 
radiation.  Different  absorption  mechanisms  and  related  material  removal  rates  for  fireside  and  bathside  can  be 
estimated. 


For  processing  with  excimer  laser  radiation  at  a  wavelength  of  Xj_=  248  nm,  no  material  removal  on  the  fireside  occurs 
up  to  fluences  <  5.2  J/cm2.  At  least,  the  processed  glass  surface  becomes  slightly  opaque.  On  the  bathside,  material 
removal  is  measured  for  fluences  >1.5  J/cm2,  as  a  result  of  additional  absorption  in  the  detected  tin  at  the  bathside 
surface.  Material  removal  rates  up  to  200  nm/pulse  are  reached  for  a  fluence  of  5.2  J/cm2  (Fig.  9).  Higher  material 
removel  rates  for  processing  with  248  nm  excimer  laser  radiation  could  be  assigned  to  different  absorption  mechanisms 
in  soda  lime  glass  compared  to  193  nm  excimer  laser  radiation. 

Fig.  10  shows  a  steep  increase  in  material  removal  rate  for  processing  at  XL=  193  nm  with  the  pulse  number  NL<  10.  For 
Nl>  10  a  slightly  decreasing  material  removal  rate  is  observed  down  to  a  steady  state  at  pulse  numbers  NL~  500.  For 
processing  the  bathside  with  excimer  laser  radiation  at  X.j_=  248  nm  a  decrease  of  the  material  removal  rate  with  an 
increasing  pulse  number  is  observed  for  1  (Fig.  9).  For  a  fluence  of  5.2  J/cm2  a  steady  state  material  removal  rate 
value  is  reached  for  NL>  100  whereas  for  a  smaller  fluence  of  4.0  J/cm2  the  steady  state  is  reached  for  NL>  500.  The 
steep  increase  of  the  material  removal  rate  for  small  pulse  number  at  a  wavelength  of  XL=  193  nm  may  be  explained  by 
the  generation  of  color  centers  in  glass. 21 '  The  investigations  show  that  sub-band  gap  excimer  laser  radiation  can  induce 
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color  centers  with  a  two  photon-absorption  process  for  fluences  >  100mJ/cm2.  The  color  centers  function  as  absorption 
centers  for  incident  laser  radiation  during  subsequent  pulses.  The  generation  rate  for  color  centers,  like  E  -centers,  non¬ 
bridging  oxygen  hole  centers  (NOBHC)  and  peroxy  radicals,  depends  on  properties  of  the  glass,  photon  energy  and 
fluence.  For  NL>  10  the  density  of  color  centers  probably  saturates  (Fig.  10). 

A  different  absorption  mechanism  for  excimer  laser  radiation  at  248  nm  (Fig.  9),  probably  including  the  generation  of  a 
different  type  of  color  center,  is  shown  for  soda  lime  glass  compared  to  excimer  laser  radiation  at  V=  193  nm  (Fig.  10). 
Related  to  the  generation  of  different  color  centers,  saturation  of  the  color  center  density  may  be  achieved  by  the  first 
pulse  of  excimer  laser  radiation  at  XL=  248  nm.  In  this  case  no  increase  of  the  material  removal  rate  within  the 
subsequent  pulses  is  expected  (Fig.  9)  like  it  is  observed  for  excimer  laser  radiation  at  XL=  193  nm  (Fig.  10). 

The  decrease  of  the  material  removal  rate  for  a  higher  pulse  number  can  be  explained  by  the  vapor/plasma  absorption. 11 
For  small  pulse  number  the  vapor/plasma  expansion  is  mainly  3-dimensional,  compared  to  the  axis  of  symmetry  by  the 
incident  laser  radiation.  Increase  of  the  structure  depth  leads  to  a  more  1 -dimensional  vapor/plasma  expansion  in  axial 
direction,  in  combination  with  an  increase  of  the  optical  density  of  the  vapor/plasma  for  incident  laser  radiation.  The 
transmission  of  the  expanding  vapor/plasma  and  the  resulting  material  removal  rate  decreases  up  to  a  certain  structure 
depth,  at  which  the  whole  vapor/plasma  expands  approximately  in  axial  direction.  Values  for  vapor/plasma  absorption 
and  material  removal  rate  reach  saturation.  The  certain  structure  (  >th  of  7.5-12.8  |im  (calculated  from  material 
removal  rates  and  pulse  number  in  Fig.  9)  related  to  the  saturation  of  the  material  removal  rate  is  reached  by  processing 
at  a  fluence  of  5.2  J/cm2  with  less  numbers  of  pulses  than  at  processing  with  a  fluence  of  4.0  J/cm2  (Fig.  9). 


Fig.  9:  Material  removal  rate  on  the  bath  side 
as  a  function  of  the  pulse  number  wavelength 
XL=  248  nm,  repetition  rate  vL=  1  Hz, 
processed  area  A=  0.01  mm2). 


Fig.  10:  Material  removal  rate  as  a  function  of 
the  pulse  number  (wavelength  A.L=  193  nm, 
repetition  rate  VL=  1  Hz,  processed  area  A= 
0.01mm2). 


Fig.  1 1 :  Debris  width  as  a  function  of 
structure  depth  (wavelength  XL=  193  nm, 
repetition  rate  vL=  1  Hz,  fluence  £L=  2.05 
J/cm2,  processed  area  A=  0.01mm2, 
processing  gas:  He). 


Fig.  12:  Debris  height  as  a  function  of 
structure  depth  (wavelength  XL=  193 
nm,  repetition  rate  vL=  1  Hz,  fluence  eL= 

2.05  J/cm2,  processed  area  A=  0.01mm2, 
processing  gas:  He). 
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Generation  of  debris  at  different  processing  gas  atmospheres 

Fig.  11  shows  a  lateral  increase  of  debris  generation  at  structure  edges  and  on  the  surface  of  the  samples  with  increase 
of  the  pulse  number  and  structure  depth,  respectively.  When  a  microstrucure  begins  to  be  produced  in  the  glass,  the 
expanding  vapor/plasma  builds  up  a  pressure  that  causes  a  flow  towards  the  exit  aperture  of  the  microstructure.  The 
flow  can  carry  along  some  of  the  molten  material,  solidifying  and  deposits  along  the  edges  of  the  microstructure  at  the 
sample  surface.  Collision  processes  of  expanding  vapor/plasma  particles  with  the  ambient  processing  gas  particles  leads 
to  re-deposition  of  the  vapor/plasma  particles  as  debris  on  the  sample  surface.  The  mean  free  path  for  collision  of  the 
vapor/plasma  particles  strongly  depends  on  the  pressure  of  the  processing  gas  atmosphere.  The  decrease  of  the  mean 
free  path  with  increasing  processing  gas  pressure  leads  to  high  debris  generation  at  areas  near  to  the  microstructure  as 
shown  for  He  processing  gas  atmospheres  (Fig.  6).  Debris  width  AxD  (Fig.  6)  is  defined  as  the  radial  distance  between 
structure  edge  and  debris  boundary  for  debris  heights  >  200  nm. 


Transfer  of  kinetic  energy  of  the  expanding  vapor/plasma  particles  to  processing  gas  particles,  caused  by  collision 
processes,  is  correlated  to  heating  of  the  processing  gas  atmophere  depending  on  heat  capacity  and  thermal  conductivity 
of  the  processing  gas.  He  as  inert  processing  gas  with  higher  values  of  heat  capacity  and  thermal  conductivity, 
compared  to  mixed  processing  gas  atmopheres  of  He/F2,  yields  higher  losses  of  kinetic  energy  of  the  expanding 
vapor/plasma  particles. 

Mechanical  induced  stress 

Laser  processing  of  glass  using  laser  radiation  with  a  fluence  above  the  material  removal  threshold  is  dominated  by  a 
photo-thermal-induced  phase-transition  (solid-fluid-vapor).  During  plasma  formation  a  combination  of  material-vapour 
and  plasma  expands  over  the  surface  and  causes  an  momentum  onto  the  surface.  A  shock-wave  in  the  substrate  is 
generated  and  stress  in  the  substrate  is  induced  producing  cracks  and  conchoidal  fracture  induced  at  micro-cracks  in  the 
surface  (Figl3  and  Fig.  14).  Length  and  depth  of  the  cracks  depend  on  the  fluence  of  the  laser  radiation.  The  value  of 
the  pressure  surge  depends  on  the  material  properties  and  on  the  on  the  fluence  of  the  laser  radiation. 

Based  on  a  model  for  laser  induced  material  removal  28  29  the  time  development  of  the  pressure  P  on  the  surface  is 
calculated  taking  into  account  the  chemical  decomposition  of  the  solid  glass-monomers  into  atoms  and  molecules  of  the 
form  [0,74  Si02,  0, 1 2  Na20, 0, 1 4  CaO]  — >  [pi  Si,  p2  SiO,  02,  Na,  p$  O,  p$  CaO,  p?  Ca]  for  soda  lime  glass,  p-t 
being  the  partial  pressures.  The  pressure  is  a  monotonous  function  of  temperature  and  reaches  2000  K  at  1  bar.  At  a 
temperature  of  2000  K  and  a  pressure  of  10"*  bar  the  vapor  is  composed  mainly  of  Si02,  Na  and  Ca.  The  energy  of 
decomposition  amounts  from  8  to  12  eV. 


cracks  in  glass 


•  >jr*; 


conchoidal  fracture 


Fig.  13:  Laser-induced  cracks  in 
glass  (wavelength  XL=  193  nm, 
fluence  eL=  3.0  J/cm2 ,  pulse 
number  NL  =  50,  repetition  rate 
vL=  1  Hz). 


Fig.  14:  Laser-induced  conchoidal 
fracture  in  glass  (wavelength  XL=  193 
nm,  fluence  £i=  3.0  J/cm2 ,  pulse  number 
Nl  =  50,  repetition  rate  vL=  1  Hz). 
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Fig.  15:  Laser-induced  momentum  of  the 
vapor/plasma  on  the  surface  of  soda  lime 
glass  (wavelength  XL=  193  nm,  fluence 
eL=  3.0  J/cm2 ,  pulse  duration  r  =  20  ns, 
pulse  number  NL  =  1). 


Fig.  16:  Laser-induced  maximal 
momentum  of  the  material- vapor-plasma 
on  the  surface  as  a  function  of  fluence  £L 
(wavelength  XL=  193  nm,  pulse  duration 
z  =  20  ns,  pulse  number  NL  =  1). 


Fig.  15  shows  the  calculated  momentum  as  a  function  of  time  for  soda  lime  glass.  In  a  first  step  the  glass  substrate  is 
heated  due  to  laser  radiation  after  the  beginning  (t=0  ns)  of  the  laser  pulse.  After  7  ns  the  decomposition  of  the  solid 
glass  starts  until  the  first  dip  at  t  =  1 1  ns  is  reached.  At  t=  14  ns  an  absolute  maximum  of  the  momentum  <  0.5  GPa  due 
to  plasma  formation  is  reached.  The  maximum  momentum  as  a  function  of  fluence  for  soda  lime,  borosilicate  glass,  and 
fused  silica  is  shown  in  Fig.  16.  For  the  investigated  glasses  and  fluences  a  maximum  pressure  0.8  GPa  is  obtained. 


4.  CONCLUSIONS 

The  surface  damage  threshold  for  photosensitive  glass  as  a  function  of  pulse  number  are  measured  for  pulsed  ns-laser 
radiation  of  wavelengths  355  nm  (3wNd:YAG),  308  nm  (XeCl),  248  nm  (KrF),  and  193  nm  (ArF).  For  KrF  and  ArF 
laser  radiation  the  surface  damage  threshold  is  independent  of  pulse  number  (NL  <150).  For  3wNd:YAG  and  XeCl  laser 
radiation  the  change  of  the  surface  damage  threshold  as  a  function  of  pulse  number  (NL  <100)  is  due  to  incubation 
processes  and  accumulation  of  absorption  centers.  The  changes  of  the  absorption  coefficient  as  a  function  of  fluence  are 
presented  after  illumination  of  photosensitive  glass  with  pulsed  laser  radiation  of  wavelengths  355  nm  (3wNd:YAG), 
308  nm  (XeCl)  and  248  nm  (KrF).  The  energy  Egap  of  the  optical  band  gap  of  the  non-illuminated  photosensitive  glass 
is  4,8  eV  (260  nm).  The  absorption  coefficient  for  illuminated  glass  changes  in  amount  and  sign  as  a  function  of 
wavelength  and  fluence  of  the  laser  radiation.  For  3wNd:YAG  and  KrF  laser  radiation  non-resonant  with  the  absorption 
cross  section  of  the  Ce3+-ions  (310  nm)  two  positive  maxima  at  290  nm  and  350  nm  of  the  induced  absorption 
coefficient  are  found.  The  corresponding  absorption  bands  are  assigned  to  extrinsic  (impurity)  hole  centers  such  as 
(Ce3+)+  or  impurity  electron  color  centers  such  as  (Ce4+)"  and  located  in  the  optical  band  gap.  For  XeCl  laser  radiation 
resonant  with  the  absorption  cross  section  of  the  Ce3+-ions  one  positive  maximum  of  induced  absorption  at  270  nm  is 
found.  The  corresponding  absorption  band  is  assigned  to  resonant  Ce3+  — >  Ce4+  photoionisation  and  located  near  the 
energy  of  the  optical  band  gap. 

Production  of  rectangular  test  structures  in  soda  lime  glass  by  means  of  microstructuring  with  excimer  laser  radiation 
showed  the  process  capabilities  of  laser  technology  in  view  to  the  production  of  prototypes  for  microreaction 
technology,  e.g.  microchannels  for  micromixers  or  microreaction  chambers.  Increase  of  material  removal  rate  with 
decrease  of  microstructure  dimensions  and  the  differences  in  processing  bathside  or  fireside  of  soda  lime  glass  are 
presented.  Different  characteristics  of  the  material  removal  rate  as  a  function  of  pulse  numbers  related  to  different 
absorption  mechanisms  for  excimer  laser  radiation  at  XL=  193  nm  compared  to  XL=  248  nm  are  shown.  Material 
removal  rates  for  processing  at  Xh=  193  nm  of  <  100  nm/pulse  at  a  fluence  of  2.05  J/cm2  are  measured  compared  to 
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material  removal  rates  <  200  nm/pulse  at  a  fluence  of  5.2  J/cm2  for  processing  at  XL=  248  nm.  Microstructuring  of  soda 
lime  glass  with  mask  projection  using  ArF  excimer  laser  radiation,  yielding  wall  angles  of  up  to  70  degrees  for  a  depth 
of  >  50  pm  and  a  width  of  >  100  pm,  has  to  be  prefered  concerning  the  accuracy  of  the  produced  rectangular 
microstructure  geometries.  Contact  mask  processing  with  cm2-scale  spot  size  of  homogenized  laser  radiation  generates 
channel-like  structures  with  a  width  of  >100  pm,  depth  of  50-100pm  and  a  length  of  >1  cm  at  processing  times  of  > 
75s. 

The  laser-induced  momentum  on  the  surface  as  a  function  of  time  was  calculated  for  laser  processing  of  soda  lime 
glass  above  the  material  removal  threshold  for  wavelength  XL=  193  nm,  fluence  eL=  3.0  J/cm2 ,  pulse  duration  z  =  20  ns 
and  pulse  number  NL  =  1.  At  t=  14  ns  an  absolute  maximum  of  the  momentum  <  0.5  GPa  is  reached.  The  maximum 
momentum  as  a  function  of  fluence  for  soda  lime,  borosilicate  glass,  and  fused  silica  was  calculated.  For  the 
investigated  glasses  and  fluences  a  maximum  pressure  0.8  GPa  is  obtained.  The  results  indicate  the  formation  of  cracks 
due  to  plasma  formation. 
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ABSTRACT 

Laser-induced-plasma-assisted  ablation  (LEPAA)  for  crack-free  laser  processing  of  glass  substrate  is  investigated. 
Different  from  laser  breakdown  at  high  laser  fluence,  a  pulsed  green  laser  is  used  to  achieve  the  glass  processing  in  air 
at  much  lower  laser  fluence.  Laser  beam  goes  through  the  substrate  first  and  then  irradiates  on  a  solid  target  behind.  For 
laser  fluence  above  target  ablation  threshold,  plasma  generated  from  target  ablation  flies  forward  at  a  high  speed.  At  a 
small  target-to-substrate  distance,  there  are  strong  interactions  among  laser  light,  target  plasma  and  glass  substrate  at  its 
rear  side  surface.  With  the  target  materials  deposition  on  the  glass  surface  or  even  doping  into  the  glass  substrate,  light 
absorption  characteristic  at  the  rear  side  surface  is  modified.  The  laser  processing  result  is  closely  related  to  target-to- 
substrate  distance,  laser  scanning  speed  and  its  repetition  rate.  Color  marking,  glass  metallization  and  structuring  can  be 
achieved  with  the  fine  tune  of  the  laser  processing  parameters. 

Keywords:  LIPAA,  glass  microfabrication,  non-crack  and  color  marking 


1.  INTRODUCTION 

In  modem  Photonics  and  liquid  crystal  display  (LCD)  industries,  glass  substrate  plays  a  more  and  more  important  role 
due  to  its  high  hardness,  high  thermal  stability  and  high  transparency  in  visible  wavelength  region.  There  are  many 
functional  microstructures  fabricated  on  the  glass  substrate,  such  as  phase  shift  mask,  optical  waveguide,  v-groove  and 
UV  optics  [1,2].  However,  it  is  a  long  time  challenge  for  the  industries  to  achieve  the  high  quality  glass 
microfabrication,  especially  with  the  laser  processing.  The  first  issue  is  that  the  glass  substrate  is  transparent  to  most  of 
industrial  laser  sources.  For  these  laser  sources,  very  high  laser  fluence  is  required  to  induce  the  glass  substrate 
breakdown  for  the  surface  microprocessing.  There  are  many  microcracks  formed  along  the  laser  processing  lines,  which 
is  not  expected  for  the  industries.  Many  researches  were  reported  to  use  ultrashort  pulse  lasers  (femto-second  laser)  or 
ultrashort  wavelength  lasers  (F2  or  VUV  Raman  lasers)  for  the  glass  microfabrication  [3-6].  Though  the  femto-second 
laser  also  causes  the  glass  substrate  breakdown,  it  can  obtain  the  fine  microstructures  on  or  inside  the  transparent 
substrate  due  to  its  very  short  pulse  duration,  which  limits  the  heat  effect  to  the  laser  spot  surrounding  area.  Since  the 
glass  can  absorb  the  VUV  laser  light,  F2  laser  can  ablate  away  the  glass  substrate  materials  easily  for  the  high  quality 
microfabrication.  The  other  issue  is  how  to  find  the  optimal  laser  means  to  meet  the  industrial  requirement  for  a  low 
cost,  flexible,  fast  speed  and  reliable  processing  in  the  manufacturing  environment.  For  the  current  femto-second  and 
VUV  laser  technology,  they  have  many  challenges  faced  during  the  commercialization  for  the  industrial  applications, 
such  as  high  photon  cost,  poor  beam  quality  and  complicated  setup.  K.  Sugioka  et  al.  proposed  a  highly  potential  laser 
ablation  scheme  for  transparent  hard  materials  microfabrication  by  UV  and  visible  laser  irradiation  [7,  8].  With  an  aid 
of  laser-induced  plasma  from  a  metal  target  ablation,  fused  quartz  can  be  drilled  through  or  patterned.  The  process  is 
called  the  laser-induced-plasma-assisted  ablation  (LIPAA).  Plasma  optical  signal  diagnostics  and  analyses  show  that  the 
quartz  ablation  is  highly  dynamic.  In  a  time  scale  of  nanoseconds,  there  are  target  ablation  with  plasma  generation  and 
complicated  interactions  among  target  plasma,  incident  laser  beam  and  quartz  substrate  [9,  10].  The  glass  ablation 
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quality  is  closely  related  to  laser  fluence  and  target-to-substrate  distance.  Recently,  we  extended  the  LIPAA  applications 
to  532  nm  diode-pumped-solid-state  (DPSS)  Nd:YAG  laser.  This  laser  source  shows  excellent  operation  reliability,  low 
cost  and  is  widely  applied  in  the  microelectronics  industry  for  the  via  hole  drilling  on  printed  circuit  board  (PCB).  With 
the  flexible  software  configuration  and  fast  scanning  of  the  laser  beam  by  a  galvanometer,  crack-free  and  color  printing 
of  characters,  logos  and  pictures  was  obtained  on  the  transparent  glass  substrates  with  the  use  of  different  target 
materials  [11].  In  this  paper,  we  will  report  more  LEPAA  applications  for  the  DPSS  Nd:YAG  laser  crack-free 
processing  on  the  glass  substrate.  Glass  metallization  and  ablation  profile  on  the  laser  processing  parameters  (target-to- 
substrate  distance,  laser  scanning  speed  and  repetition  rate)  will  be  investigated  for  the  better  control  of  the 
microfabrication  results. 


2.  EXPERIMENTAL  SETUP 

Figure  1  shows  experimental  setup  of  LIPAA  for  the  crack-free  laser  processing  of  glass  substrate.  A  532  nm  diode- 
pumped  solid  state  Nd:YAG  laser  (Lightwave,  Series  210)  is  used  as  light  source.  Laser  beam  goes  through  a  mirror  to 
change  the  light  path,  following  through  a  beam  attenuator  to  tune  laser  energy.  Laser  beam  is  reflected  by  a 
galvanometer,  which  can  scan  the  laser  beam  on  the  target  surface  at  a  high  speed  with  the  fast  rotating  of  the  attached 
X  &  Y  mirrors.  The  theta-lens  of  the  galvanometer  can  ensure  the  focal  plane  of  the  laser  beam  during  the  scanning  to 
be  on  the  target  surface.  Its  focal  length  is  10  cm  and  it  can  achieve  a  60  x  60  mm  scanning  region  on  the  target  surface 
with  the  same  focusing  plane.  The  galvanometer  is  controlled  by  a  PC  through  the  software  MarkPro.  The  PC  is  also 
sent  out  the  trigger  signal  to  control  the  laser  shutter  in  real  time.  In  order  to  get  the  laser  marking  of  characters  and 
logos,  software  CorelDRAW  and  AutoCAD  are  used  to  design  the  drawing  and  then  convert  the  related  drawing  files 
into  HPGL  Plotter  (PLT)  files  for  the  galvanometer  controlling.  To  obtain  the  pictures  printing  on  the  glass,  the  image 
BMP  files  are  first  converted  to  the  drawing  vector  files  and  then  exported  as  a  PLT  file  to  control  the  laser  scanning. 
The  glass  microfabricated  results  are  observed  under  a  high  magnification  microscope.  For  the  LIPAA  of  the  glass 
microfabrication,  proper  arrangement  of  the  solid  target  and  glass  substrate  is  very  important.  The  solid  target  is  put 
behind  the  glass  substrate.  Distance  between  the  target  and  substrate  is  adjusted  by  a  micrometer.  Laser  fluence  for  the 
LIPAA  is  controlled  inside  a  fluence  window  from  the  target  ablation  threshold  to  the  glass  ablation  threshold.  With  this 
setting,  the  glass  substrate  is  not  damaged  when  the  green  laser  light  goes  through  it  first.  When  the  laser  beam  reaches 
the  solid  target,  laser  light  absorption  by  the  target  materials  induces  the  target  ablation.  Target  plasma  flies  toward  the 
glass  substrate  at  a  high  speed  (up  to  104  m/s).  Since  the  LEPAA  is  carried  out  in  the  ambient  air,  target  plasma  collides 


Galvanometer 
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Figure  1  Experimental  setup  of  LIPAA  for  the  crack-free  laser  processing  of  glass  substrate  and  configuration  of 
target  and  glass  positions. 
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with  the  air  molecules  and  loses  its  kinetic  energy.  If  the  target-to-substrate  distance  is  very  large,  it  cannot  reach  the 
rear  side  surface  of  the  glass  substrate.  There  is  no  LIPAA  effect.  However,  at  a  short  target-to-substrate  distance,  the 
target  plasma  will  arrive  at  the  glass  rear  side  surface  during  its  dynamics.  There  are  complicated  interactions  among  the 
target  plasma,  glass  materials  and  incident  laser  light.  It  will  finally  result  in  both  the  target  materials  deposition  on  the 
glass  rear  side  surface  and  glass  materials  removal.  Laser  fluence  can  also  be  tuned  by  changing  the  target  position 
relative  to  the  theta-lens.  Besides  the  target-to-substrate  distance,  laser  scanning  speed  and  pulse  repetition  rate  are  two 
important  parameters  for  the  high  quality  of  glass  microfabrication  results.  They  can  be  properly  set  by  the  PC 
controller.  Glass  metallization  is  characterized  by  the  metal  film  resistivity,  which  is  measured  by  the  4-point  probe 
method.  Glass  surface  morphology  was  analyzed  by  an  Alpha-Step  200  profilometer  (Tencor  Instruments)  to  get  the 
information  on  the  depth  and  width  of  the  ablated  crater. 


3.  RESULTS  AND  DISCUSSION 

3.1  LIPAA  for  crack-free  laser  processing  on  glass  substrate: 

Figure  2  shows  the  microscopic  images  of  the  characters  “DSI”  printed  by  the  laser  on  the  glass  substrate  with  the 
LIPAA  in  air.  Copper  is  the  target  material.  The  laser  scanning  speed  is  10  mm/s,  pulse  repetition  rate  1000  Hz  and 
target-to-substrate  distance  0.1  mm.  It  took  only  dozens  of  seconds  to  finish  the  printing.  From  the  enlarged  comer 
image  in  the  central  low  part  of  character  “S”,  it  can  be  found  that  there  are  no  microcracks  along  the  100  pm  wide  laser 
lines.  However,  the  glass  substrate  materials  are  removed  inside  the  laser  lines,  which  can  be  confirmed  from  the  tuning 
of  the  microscopy  focusing  to  get  clear  views  of  the  ablated  and  non-ablated  glass  surfaces.  The  surface  profiler 
measurement  carried  out  later  also  proved  the  removal  of  the  glass  materials  inside  the  laser  lines.  It  shows  that  the 
LIPAA  can  be  used  to  remove  the  glass  materials  with  the  good  edge  quality.  Therefore,  this  technique  can  be  applied 
to  form  different  microstructures  on  the  glass  substrate  with  the  proper  software  design  to  control  the  laser  beam 
scanning  geometry.  Meanwhile,  it  can  also  be  observed  from  the  image  that  there  are  copper  materials  deposited  along 
the  laser  lines.  The  total  width  of  the  copper  line  is  around  300  pm.  This  copper  thin  film  is  very  difficult  to  be  removed 
by  the  mechanical  scrubbing.  It  shows  that  the  LIPAA  can  be  used  as  a  new  technique  to  form  the  glass  metallization  or 
metal  plating  on  the  glass  substrate  in  air.  There  is  one  point,  which  needs  to  be  taken  into  account  is  that  the  laser 
processing  is  in  air,  the  deposited  film  is  actually  the  metal  oxide  thin  film  and  the  film  resistivity  will  be  higher  than 
the  pure  metal  film.  It  is  due  to  the  chemical  reaction  of  the  high  temperature  metal  plasma  with  oxygen  molecules  in 
air.  With  the  LIPAA  inside  the  good  vacuum,  the  pure  metal  film  can  be  obtained. 


Figure  2  Microscopic  images  of  the  characters  “DSI”  printing  on  the  glass  substrate  with  the  LIPAA  in  air.  Copper  is 
the  target  material. 
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Figure  3  (a)  shows  microscopic  image  of  different  color  and  tone  Chinese  characters  printing  on  the  glass  substrate 
with  the  I.TPAA  in  air.  It  is  clear  that  each  stroke  of  the  Chinese  characters  is  very  smooth.  It  demonstrates  the 
flexibility  of  the  LIPAA  in  the  characters  printing.  Different  target  materials  can  result  in  different  color  characters 
printed,  for  example,  copper  for  red  color  and  SiC  for  black  color.  By  changing  the  laser  fluence  and  target-to-substrate 
distance,  different  tones  of  the  printing  are  obtained  due  to  different  target  materials  deposited  on  the  glass  substrate. 
Figure  3  (b)  shows  the  characters  “EMRS  2001”  engraved  on  the  glass  substrate  with  the  LIPAA  after  the  surface 
cleaning  to  remove  the  target  materials  deposited  inside  and  along  the  laser  lines.  It  is  clear  that  the  characters  are 
clearly  engraved  on  the  glass  surface.  There  are  not  microcracks  along  the  laser  lines,  especially  along  the  curve  laser 
lines.  Furthermore,  there  is  no  big  difference  in  the  light  transmission  between  the  ablated  and  non-ablated  glass 
surfaces.  It  brings  in  a  high  potential  to  fabricate  the  microstructures  on  the  glass  surface  with  the  simple  modification 
of  the  laser  scanning  geometry.  LIPAA  experiment  shows  that  the  high  quality  glass  processing  (edge,  width  and  depth) 
is  closely  related  to  the  laser  processing  parameters,  which  will  be  discussed  in  the  later  part  of  this  paper. 


Figure  3  Microscopic  images  of  different  color  Chinese  characters  printing  on  the  glass  substrate  (a)  and  characters 
“EMRS  2001”  engraved  on  the  glass  substrate  after  the  surface  cleaning  with  the  LIPAA  in  air. 


Figure  4  (a)  shows  the  SEM  image  of  the  copper  particles  deposited  on  the  glass  substrate  during  the  LIPAA  in  air. 
It  can  be  observed  that  the  copper  particle  size  is  ranging  from  300  nm  to  12  pm.  LIPAA  is  also  one  of  the  metal  target 
ablation.  It  was  reported  that  carbon  and  tungsten  oxide  nanoparticle  with  the  size  less  than  10  nm  could  be  generated 
during  the  laser  ablation  of  the  targets  in  air.  The  particle  size  depends  on  the  laser  fluence.  With  the  fine  tune  of  the 
laser  parameters,  the  LIPAA  can  be  used  to  obtain  target  nanoparticles  on  the  glass  surface.  With  some  equipment 
setup,  the  LIPAA  in  a  good  vacuum  can  be  applied  to  form  nanostructuring  on  the  glass  surface  with  the  nanodeposition 
of  the  target  nanoparticles  generated  in  the  ablation.  This  is  one  of  the  new  applications  of  the  LIPAA  in  the  near  future. 
The  other  new  applications  of  the  LIPAA  would  be  the  laser  doping  of  the  transparent  substrate.  Figure  4  (b)  shows 
microscopic  image  of  the  glass  substrate  after  the  copper  particle  removal.  It  can  be  seen  that  the  glass  surface  was 
modified  after  the  LIPAA  with  some  copper  particle  ranging  from  300  nm  to  2  pm  embedded  inside  the  glass.  This  is 
why  the  LIPAA  can  be  used  to  achieve  glass  ablation.  Due  to  the  interactions  among  target  plasma,  laser  light  and  glass 
substrate,  the  target  materials  are  doped  inside  the  glass  substrate,  which  modifies  the  glass  light  absorption 
characteristics  and  results  in  the  glass  processing.  Since  the  target  particle  size  and  distribution  reaching  to  glass  surface 
can  be  controlled  with  the  laser  parameters,  the  finer  glass  surface  modification  with  the  surface  roughness  less  than  a 
micron  can  be  easily  obtained  for  the  higher  quality  laser  processing.  It  may  also  open  a  space  for  the  LIPAA  to  get  a 
metallic  glass  with  the  metal  particle  doping  into  the  glass  substrate.  LIPAA  application  is  not  limited  only  in  the  visible 
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laser  light.  It  can  be  extended  to  IR  light.  For  example,  C02  laser  is  transparent  to  Si.  LIPAA  may  be  applied  to  dope 
target  materials  into  the  Si  substrate  to  form  short  junction  device  due  to  short  heat  diffusion  length  during  the  short 
laser  pulse.  We  will  report  the  LIPAA  applications  in  these  two  areas  soon. 


Figure  4  (a)  SEM  image  of  the  copper  particles  deposited  on  the  glass  substrate  during  the  LIPAA  in  air  and  (b) 
microscopic  image  of  the  glass  substrate  after  the  copper  particle  removal. 


3.2  LIPAA  for  glass  structuring: 

Figure  5  shows  the  curves  of  ablation  depth  and  width  versus  target-to-substrate  distance  during  the  LIPAA  in  air  with 
the  scanning  speed  of  10  mm/s  and  repetition  rate  of  1000  Hz.  A1  is  the  target  material.  It  can  be  found  that  the  ablation 
depth  decreases  while  ablation  width  increases  with  target-to-substrate  distance.  During  the  laser  ablation  at  a  fixed 
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Figure  5  Ablation  depth  and  width  versus  target-to-substrate  distance  during  the  LIPAA  in  air  with 
the  scanning  speed  of  10  mm/s  and  repetition  rate  of  1000  Hz.  A1  is  the  target  material. 
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pulse  repetition  rate  and  target  position,  the  laser  fluence  is  a  constant  with  the  same  target  plasma  generated.  As  the 
distance  increases,  the  target  plasma  takes  a  longer  time  to  reach  the  glass  surface  with  a  lower  kinetic  energy. 
Therefore,  the  plasma-assisted  laser  ablation  becomes  weaker  with  the  smaller  ablation  rate.  Since  the  plasma  has  more 
time  to  expand  before  it  reaches  the  glass  substrate,  its  size  becomes  bigger,  which  offers  a  bigger  ablated  crater.  Figure 
6  presents  the  dependence  of  ablation  depth  and  width  on  laser  scanning  speed  during  the  LIPAA  in  air  with  the  target- 
to-substrate  distance  of  0.1  mm  and  repetition  rate  of  1000  Hz.  Cr  is  the  target  material.  It  can  be  observed  that  the 
ablation  depth  decreases  while  ablation  width  increases  slightly  with  scanning  speed.  Since  the  target-to-substrate, 
repetition  rate  and  target  position  are  fixed,  the  laser  ablation,  target  plasma  and  its  interactions  with  the  glass  substrate 
are  the  same.  The  higher  scanning  speed  means  less  laser  pulses  overlapped  together  during  the  laser  beam  moving, 
which  reduces  the  chances  for  the  LIPAA  for  the  glass  processing.  Therefore,  the  ablation  depth  decreases.  The  higher 
ablation  width  at  a  higher  scanning  speed  may  be  due  to  the  less  interaction  among  the  neighboring  laser-induced  target 
plasmas,  which  provides  more  free  space  for  the  target  plasma  to  expand. 
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Figure  6  Ablation  depth  and  width  versus  scanning  speed  during  the  LIPAA  in  air  with  the 
target-to-substrate  distance  of  0.1  mm  and  repetition  rate  of  1000  Hz.  Cr  is  the  target  material. 


Figure  7  shows  ablation  depth  and  width  as  a  function  of  repetition  rate  during  the  LIPAA  in  air  with  the  target-to- 
substrate  distance  of  0.1  mm  and  scanning  speed  of  1  mm/s.  Ti  is  the  target  material.  It  is  clear  that  both  the  ablation 
depth  and  width  increase  as  the  repetition  rate  increases  up  to  2000  Hz  and  then  they  tend  to  decrease  as  the  repetition 
rate  increases  further.  For  a  better  explanation  of  this  phenomenon,  laser  output  pulse  energy  as  a  function  of  repetition 
rate  for  the  532  nm  DPSS  Nd:YAG  laser  was  measured  and  the  curve  is  shown  in  Fig.  8.  Different  from  the  excimer 
laser  and  lamp-pumped  Nd:YAG  laser,  the  laser  pulse  energy  is  different  at  different  repetition  rates.  The  pulse  energy 
is  a  constant  for  the  repetition  rate  up  to  1000  Hz  and  then  reduces  as  the  repetition  rate  increases.  Variation  of  the 
repetition  rate  leads  to  the  change  of  both  laser  pulse  energy  (different  plasma  generation)  and  the  number  of  laser 
pulses  for  the  LIPAA.  At  the  low  repetition  rate  (less  than  1000  Hz),  the  plasma  is  the  same  since  the  laser  pulse  energy, 
distance,  scanning  speed  and  target  position  are  fixed.  Higher  repetition  rate  offers  more  laser  pulses  for  the  LIPAA, 
which  leads  to  the  higher  ablation  depth  and  width.  As  the  repetition  rate  increases  higher  than  1000  Hz,  the  plasma 
becomes  weaker  due  to  lower  laser  pulse  energy,  which  tends  to  decrease  ablation  rate  and  width.  It  balances  with  the 
increase  of  the  ablation  rate  and  width  due  to  more  laser  pulses  for  the  LIPAA,  which  leads  to  the  maximum  laser 
ablation  at  the  repetition  rate  of  2000  Hz,  As  the  repetition  rate  increases  further,  the  plasma  becomes  much  weaker  and 
may  not  have  enough  kinetic  energy  to  take  part  in  the  LIPAA.  Therefore,  the  ablation  is  weaker  with  the  lower  ablation 
rate  and  width. 
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Figure  7  Ablation  depth  and  width  versus  repetition  rate  during  the  LIPAA  in  air  with  the 
target-to-substrate  distance  of  0.1  mm  and  scanning  speed  of  1  mm/s.  Ti  is  the  target  material. 


Figure  8  Output  laser  pulse  energy  as  a  function  of  repetition  rate  for  the  532  nm  DPSS  Nd:  YAG  laser. 
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3.3  LIPAA  for  glass  metallization: 

To  study  the  metal  film  conductivity,  the  LIPAA  was  applied  to  form  a  rectangle  in  the  size  of  5  mm  x  10  mm  on  the 
glass  substrate  for  the  4-point  probe  measurement.  Since  the  film  is  actually  the  metal  oxide  film  and  the  film  thickness 
varies  greatly,  the  value  of  the  resistivity  measured  can  only  be  used  as  a  reference.  The  objective  is  to  study  how  the 
laser  parameters  influence  on  the  metal  film  conductivity  as  a  hint  for  the  further  research. 

Figure  9  shows  the  dependence  of  resistivity  versus  scanning  speed  during  the  LIPAA  in  air  with  the  target-to- 
substrate  distance  of  0. 1  mm  and  repetition  rate  of  1000  Hz.  Cr  is  the  target  material.  It  can  be  found  that  the  resistivity 
increases  with  the  scanning  speed.  It  is  due  to  less  laser  pulse  overlapping  at  a  higher  scanning  speed,  which  causes  the 
less  metal  particles  deposition  on  the  glass  substrate  and  higher  resistivity.  Figure  10  presents  the  curve  of  resistivity 
versus  target-to-substrate  distance  during  the  LIPAA  in  air  with  the  scanning  speed  of  10  mm/s  and  repetition  rate  of 
1000  Hz.  A1  is  the  target  material.  It  is  clear  that  the  resistivity  increases  as  the  target-to-substrate  distance.  This  is 
because  at  the  higher  distance  between  the  target  and  glass  substrate,  the  target  plasma  takes  a  longer  time  to  reach  the 
glass  substrate  with  the  lower  kinetic  energy.  Some  big  and  low  kinetic  energy  target  plasma  species  will  lose  the 
chance  to  reach  the  glass  substrate  to  contribute  the  metal  film  conductivity,  which  results  in  the  higher  resistivity  at  a 
higher  distance. 

Since  both  the  laser  pulse  number  and  laser  output  pulse  energy  change  with  the  repetition  rate,  variation  of  die 
resistivity  with  the  repetition  rate  would  be  more  complicated,  as  shown  in  Fig.  11.  It  can  be  found  that  the  resistivity 
reduces  as  the  repetition  rate  increases  up  to  2000  Hz.  It  is  attributed  to  the  more  target  materials  ablated  at  a  higher 
laser  fluence  and  more  laser  pulses.  However  as  the  repetition  rate  increases  further,  the  laser  pulse  energy  reduces  with 
the  less  target  materials  deposition.  It  leads  to  the  high  resistivity  and  balances  with  the  more  laser  pulses  to  deposit 
more  target  materials  on  the  glass  substrate.  This  brings  about  the  lowest  resistivity  and  best  conductivity  of  the  metal 
film.  As  the  repetition  rate  keeps  increasing,  the  target  plasma  becomes  much  weaker  and  leads  to  little  target  materials 
deposition  even  though  the  more  laser  pulse  irradiation. 
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Figure  9  Resistivity  versus  scanning  speed  during  the  LIPAA  in  air  with  the  target-to- 
substrate  distance  of  0.1  mm  and  repetition  rate  of  1000  Hz.  Cr  is  the  target  material. 
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Figure  10  Resistivity  versus  target-to-substrate  distance  during  the  LIPAA  in  air  with  the 
scanning  speed  of  10  nun/s  and  repetition  rate  of  1000  Hz.  A1  is  the  target  material. 


Figure  11  Resistivity  versus  repetition  rate  during  the  LIPAA  in  air  with  the  target-to- 
substrate  distance  of  0.1  mm  and  scanning  speed  of  10  mm/s.  A1  is  the  target  material. 
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4.  CONCLUSIONS 


A  532-nm  diode-pumped  solid  state  Nd:YAG  laser-induced-plasma-assisted  ablation  was  used  to  achieve  the  crack-free 
laser  processing  of  glass  substrate.  With  the  laser  fluence  in  a  region  from  the  target  ablation  threshold  to  the  glass 
ablation  threshold,  the  laser  light  goes  through  the  glass  substrate  first  and  then  induces  the  target  ablation.  The  target 
plasma  flies  towards  the  glass  substrate  at  a  high  speed.  At  a  short  target-to-substrate  distance,  there  are  the  complicated 
interactions  among  the  target  plasma,  incident  laser  light  and  glass  substrate  at  the  rear  side  surface  of  the  substrate.  It 
results  in  both  the  target  materials  deposition  and  glass  materials  removal.  It  is  concluded  from  the  experiment  results 
that:  (1)  ablation  depth  and  metal  film  conductivity  decrease  while  ablation  width  increases  with  target-to-substrate 
distance;  (2)  ablation  depth  and  metal  film  conductivity  also  decrease  while  ablation  width  increases  slightly  with 
scanning  speed;  and  (3)  ablation  depth,  width  and  metal  film  conductivity  increase  with  the  repetition  rate  up  to  2000 
Hz  and  then  decrease  with  the  further  increase  of  the  repetition  rate.  With  the  proper  tuning  of  laser  beam  scanning 
speed,  pulse  repetition  rate  and  target-to-substrate  distance,  high  quality  of  glass  microfabrication  can  be  obtained.  With 
different  target  materials,  different  colors  and  different  tones  of  laser  printing  on  the  glass  substrate  can  be  achieved. 
The  potential  applications  of  the  LIPAA  technique  in  the  device  doping  and  nanoparticle  generation  and 
nanostructuring  are  also  discussed. 
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ABSTRACT 

Excimer  lasers  are  proven  tools  to  machine  2lA-D  microstructures  with  variable  lateral  dimensions.  Therefore  developed 
techniques  are  limited  in  the  vertical  dimension  since  material  is  removed  along  the  optical  axis  perpendicular  to  the 
target  plane. 

This  paper  presents  3-D  structures  produced  with  such  UV-lasers.  In  contrast  to  optical  set-ups  for  machining  2'/2-D 
structures,  this  approach  tilts  the  target  plane  and  ablates  material  underneath  the  target  superficies.  The  tilting  angle 
adds  two  major  difficulties  to  laser  machining:  the  distortion  of  the  image  on  the  target  and  the  alteration  of  the  ablation 
cross  section.  These  two  difficulties  were  studied  in  experiments  with  different  tilting  angles  PL  between  target  plane 
and  optical  axis  of  the  laser.  The  impact  of  Pi  was  identified  on  the  achieved  geometry  of  3-D  structures.  A  first 
theoretical  approximation  integrates  the  material  reflectance  and  the  target  cross-section  in  order  to  give  an  estimation 
of  the  influence  of  further  effects  within  the  ablation  process. 

This  theoretical  analysis  is  a  starting  point  for  producing  undercutting  structures  and  can  additionally  be  applied  to 
changeable  shaped  surfaces.  Such  complex  3-D  structures  have  the  potential  to  be  used  in  micro-tribology  as  well  as  in 
micro  guidance  systems  and  are  estimated  being  an  important  step  in  micro-mechanics. 

INTRODUCTION 

Due  to  the  increasing  market  of  systems  using  micro-components,  micro-electronic  and  more  recently  micro¬ 
mechanical  components,  the  use  of  laser  machining  increases  with  this  evolution.  Excimer  lasers  are  well  adapted  tools 
when  chemical  resistant  materials  such  as  polymers,  ceramics  or  glass  are  required  to  be  structured  with  high  quality 
[BUT91;  ALV99,  MOM95],  Developments  of  micro-structures  in  silicon  have  been  carried  out  for  the  semiconductor 
industry  and  many  of  these  developments  can  nowadays  be  adapted  to  different  materials  by  lasers  machining.  A  further 
advantage  of  laser  machining  is  the  flexibility  of  the  set-up  thus  little  and  medium  series  can  be  produced  with 
acceptable  costs. 

Excimer  lasers  have  a  quasi  top  hat  beam  profile.  This  can  especially  be  used  with  mask  techniques  to  ablate  areas  and 
to  obtain  high  surface  quality.  Functional  surfaces  with  nearly  optical  quality  can  directly  be  structured  with  optimized 
arrangements  for  the  single  pulse  ablations  (ablation  strategies)  [OST99a,  OST99b],  Further  developments  in  ablation 
strategies  have  improved  efficiency  and  minimized  working  time  by  optimization  and  automation  of  pulse  shaping 
[TON99a],  In  consequence  the  demand  of  short  processing  time  and  high  surfaces  quality  can  be  fulfilled  by  excimer 
lasers.  The  recent  implementation  of  F2  laser  extents  the  wavelength  to  be  used  down  to  157  nm.  Since  then,  further 
innovative  materials  with  high  binding  energies  (e.g.  PTFE,  fused  silica)  can  be  machined  with  a  sub-micron  accuracy 
[TONOO,  OSTOO]  and  increase  the  high  potential  by  adding  a  high  number  of  applications. 

All  described  techniques  only  permit  to  machine  2  Vi  D  structures  in  plane  surfaces.  Many  aspects  of  laser  machining 
are  actually  studied  to  enable  the  production  of  real  3  D  functional  parts.  In  this  context  undercutting  structures  and 
machining  of  pre-treated  surface  topologies  are  of  major  interest.  Such  structures  are  already  used  or  supposed  to  be 
introduced  soon  in  micro-mechanical  systems,  medical  implementation  techniques  and  telecommunication  systems.  In 
this  context,  UV-excimer  laser  are  particularly  competitive  with  their  high  flexibility.  The  high  surface  quality  of 
excimer  machined  work  pieces  was  studied  and  demonstrated  [OST99a,  OST99b,  TON98,  TON99d],  Therefore  these 
effects  can  be  excluded  from  this  study  and  the  analysis  focuses  on  effects  induced  by  the  tilting  angle  pL.  The  flexible 
handling  of  succeeding  pulses  allows  fine  structuring  of  complex  surfaces  and  undercutting  structures  by  the  NC-system 
and  the  laser  control.  Hence,  the  techniques  will  be  cost  efficient  for  individual  work  pieces,  small  and  medium  series. 
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A  further  step  to  exploit  the  study  of  machining  tilted  surfaces  is  the  treatment  of  pre-formed  parts  which  get  their  final 
shape  by  excimer  laser  machining. 

1.  MACHINING  TECHNIQUE  TO  PRODUCE  3-D  STRUCTURES 


This  paper  presents  the  manufacturing  technique  to  produce  3-D  structures  with  a  KrF-excimer  laser  at  248  nm.  In 
contrast  to  optical  set-ups  for  machining  2‘/2-D  structures,  this  approach  tilts  the  target  plane  and  ablates  material 
underneath  the  target  surfaces.  The  arrangement  of  the  laser  ablation  by  pulsed  laser  radiation  is  illustrated  in  Figure  la. 
In  the  study  the  mask  technique  was  used  to  ablate  an  area  being  the  projection  (demagmfication:  1:40)  of  a  mask 
[ALV99].  The  tilting  of  the  target  is  also  illustrated  in  Figure  lb. 


a) 


b) 


8 


UV-Laser  Beam 


UV-  Laser  Radiation 


Figure  1:  Arrangement  excimer  laser  machining: 
a)  Schema  of  ablation  with  single  pulses  b)  Schema  of  the  target  rotation 


The  study  was  carried  out  with  a  Lambda  Physics  excimer  laser  series  4000.  The  technical  specifications  of  the  laser  are 
given  together  with  the  process  parameters  in  the  following  table. 


Laser  characteristics 

Process  parameter 

Wavelength 

XL  =  248  nm 

N.A. 

0.56 

Beam  profile 

1 

Mask  size 

Dx  =  3  mm 

DY  =  6  mm 

Divergence 

0X  =  1.5  mrad 
©y  -  4.5  mrad 

1 

Magnification 

1:40 

Max.  repetition  rate 

■ 

Rep.  rate 

fP  =  50  Hz 

Pulse  duration 

xP  =  20  ns 

Energy  fluence 

15  J/cm2  (A-997) 
20  J/cm2  (F2) 

Tabelle  1:  Laser  characteristics  and  process  parameters 

The  tilting  angle  pL  of  the  target  was  realized  with  a  rotation  axis  mounted  on  the  linear  axes  of  the  machining  center. 
The  accuracy  of  the  rotation  axis  is  better  than  0.06°  with  a  reproducability  of  less  than  0.0035°.  To  reach  a  high 
number  of  applications,  two  materials  (F2-glass  and  A997-ceramic)  with  high  technical  relevance  were  chosen  for  the 
experiments. 
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2.  ANALYSIS  OF  UNDERCUTTING  3-D  STRUCTURES 


To  perform  a  systematic  analysis,  the  geometry  of  undercutting  structures  was  parametrized.  The  analysis  focuses  on 
the  effects  induced  by  the  tilting  angle  |JL,  which  is  as  well  illustrated  in  the  drawing  in  Figure  2  as  the  set  of  parameters 
to  describe  the  entire  geometry. 


Figure  2:  Model  of  an  excimer  machined  undercutting  structure 

Geometrical  measurements  on  undercutting  structures  can  not  be  carried  out  from  the  surface  e.g.  with  a  microscope  or 
with  optical  or  acoustical  sensors.  Therefore,  the  polish  of  the  cross  section  was  used  to  analyze  the  machined 


Figure  3:  Polish  of  cross  section  of  undercutting  structures  in  F2 
structures.  An  example  to  illustrate  the  analysis  from  the  digitized  images  is  given  in  Figure  3. 

In  order  to  obtain  parameters  which  can  be  compared  to  those  used  to  describe  2D  structures,  the  definition  of  the 
ablation  rate  must  be  detailed.  The  ablation  rate  aP  is  a  parameter  of  major  interest  defined  by  ratio  of  the  depth  z  and 
the  number  of  pulses  N  applied.  In  order  to  quantify  the  ablation  depth  when  pL  *  0°,  the  depth  z’  has  to  be  used  instead 
of  z  and  the  averaged  ablation  rate  becomes: 


In  a  first  step  the  ablation  rate  aP  has  been  determined  for  a  ceramic  (A997)  and  a  glass  (F2).  In  Figure  4,  the  determined 
aP  is  illustrated  for  different  tilting  angles  pL  as  a  function  of  N. 
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Ceramics  A997 


Glass:  F2 


Figure  4:  Dependency  of  the  average  ablation  rate  of  two  materials  from  number  of  pulses 

A  decreasing  ap  for  an  increasing  N  was  observed  for  both  materials  at  any  angle,  when  the  numbers  of  pulses  N 
exceeds  50.  Other  studies  have  already  reported  such  a  tendency  for  2D  structures  and  are  often  attributed  to 
geometrical  and  plasma  induced  obstruction  [RIN00].  The  aspect  ratio  and  the  material  determine  the  ablation  rate  and 
the  depth,  which  can  be  obtained.  The  observation  for  both  materials,  that  aP  is  independent  of  the  tilting  angle  pL  when 
N  >  50,  is  considered  to  be  due  to  obstruction  of  the  laser  radiation. 

Analysis  of  the  ablation  rate  by  the  cosine  law 

In  contrast  to  deep  ablations,  an  angle  dependency  was  observed  for  little  numbers  of  pulses.  In  the  first  step  a  parallel 
laser  beam  will  be  analyzed.  The  intensity  of  such  a  laser  beam  is  inversely  proportional  to  the  illuminated  area,  which 
increases  by  tilting  a  target.  The  illuminated  surface  AT  is  described  by  the  cosine  law  related  to  tilting  the  target  by  pL 
and  the  laser  beam  cross  section  AL: 


cos  (/?t) 

Collimated  radiation  on  a  tilted  target  has  thus  an  intensity,  which  must  obey  the  cosine  law  and  in  consequence  the 
intensity  IT  on  the  target  can  be  deduced  from  the  laser  intensity  IL. 

IT  =  I L  cos (fiL) 

Normalizing  the  cosine  law  using  the  approximation  that  the  ablation  rate  aP  is  directly  proportion  to  the  intensity  on  the 
target,  the  theoretical  dependence  of  aP  from  the  tilting  angle  pL  can  be  computed.  These  dependency  is  illustrated  in 
Figure  5  together  with  experimental  results  for  a  low  numbers  of  pulses  and  different  tilting  angles. 

It  can  be  stated  for  both  materials,  that  only  with  low  pulse  numbers  a  significant  influence  of  pi  in  the  experimental 
data  is  observed.  The  observation  made  with  these  data  correspond  to  the  conclusions  made  from  the  data  presented  in 
Figure  4. 
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Ceramics:  A997 


Glass:  F2 


The  experimental  data  do  not  follow  the  cosine  law,  so  the  assumption  of  a  collimated  laser  beam  may  not  be  valid.  A 
more  realistic  description  of  the  laser  beam  will  be  introduced  after  an  analysis  of  the  ground  angle  and  the 
consequences  of  the  divergence  of  the  beam  will  then  be  computed. 


Analysis  of  the  ground  angle 

To  study  the  influence  of  the  first  pulses  on  the  structuring  tilted  surfaces,  the  polish  of  cross  section  was  investigated; 
the  angle  between  the  target  surface  and  the  surface  on  the  ground  of  the  ablated  structure  Oc  (see  Figure  2)  was 
determined.  To  avoid  statistical  uncertainties  e.g.  due  to  energy  fluctuations  of  the  laser,  a  high  number  of  pulses  must 
be  applied.  Either  few  pulses  can  be  used  to  produce  many  samples  or  as  it  has  been  done  for  efficiency  reasons,  many 
pulses  are  applied  to  machine  a  few  samples.  Samples  with  N>100  were  investigated.  Along  with  the  number  of  pulses 
N  the  tilting  angle  (V  was  varied.  A  series  of  polished  cross  sections  with  the  measured  ground  angles  0^  is  illustrated 
in  Figure  6.  In  this  figure  p,  was  set  to  45°. 


Figure  6:  Variation  of  the  ground  angle  in  F2  for  different  number  of  pulses  and  a  fixed  tilting  angle  pL=  45° 
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In  this  series  the  ground  angle  <Xg  increases  from  15°  to  48.5°  with  an  increasing  depth  z\  The  angles  etc  were 
determined  with  an  error  of  less  than  1°.  This  tendency  was  also  observed  for  different  tilting  angles  Pl  and  is  illustrated 
in  Figure  9.  A  tilting  of  the  ground  angle  is  measured  for  the  three  angles  pL.  The  volume  is  not  ablated  in  the  same 
manner  along  the  optical  axis.  Combining  this  observation  with  the  results  of  the  ablation  rate,  it  can  be  concluded  that 
laser  radiation  hitting  a  target  under  a  tilting  angle  pL  ablates  the  material  stronger  on  one  side.  This  phenomena  occurs 
even  at  low  pulse  numbers  N«50. 

Analysis  of  the  ground  angle:  intensity  approximation  due  to  the  caustic  of  the  laser  beam 

The  distortion  of  the  image  on  the  target  is  a  major  difficulty  in  laser  machining  induced  by  the  tilting  angle.  The 
previous  considerations  concerning  the  alteration  of  the  ablation  cross  section  were  based  on  a  beam  hitting  the  target 
with  nearly  parallel  angles  of  incidence  over  the  beam  cross  section.  In  the  following,  the  analysis  is  expanded  to  the 
caustic  of  the  imaging  optics. 

The  beam  shaping  is  made  with  a  field  lens  having  a  focal  length  of  fpL=  2000  mm,  placed  at  a  distance  of  2020  mm  in 
front  of  the  imaging  lens.  With  the  mask  size  on  the  y-axis  DY  =  6  mm,  the  numerical  aperture  was  calculated  to  be 
N.A.=  0.56.  With  the  focal  length  of  the  imaging  lens,  the  rays  on  the  caustic  of  the  beam  hit  a  target  with  pL= 0°  at  an 
angle  of  aBL=  34.4°.  For  a  tilted  target  this  angle  has  to  be  subtracted  on  the  one  side  and  added  on  the  other  side.  The 
caustic  in  relation  to  the  tilting  angle  is  illustrated  in  Figure  7. 


Imaging 

Lens 


Figure  7:  Influence  of  the  target  tilting  on  the  angles  of  incidence  on  the  target 

For  a  ground  angle  <Xg  =  0°,  the  two  angles  (a’,  a”)  delimiting  the  range  of  the  angles  of  incidence  can  be  calculated 
from  the  target  tilting  pL  and  the  caustics  angle  ocBl* 

a'  =  90°-pL-aBL  a"  =  90°-/3L+aBL 

Target  tilting  combined  with  geometrical  optics  in  mask  techniques  induced  in  the  experimental  values  a  height 
difference  AH  at  the  two  edges  of  the  image  as  illustrated  in  Figure  9.  The  used  approximation  attributes  the  ablation 
rate  and  hence  this  height  difference  to  the  variation  in  the  intensity.  At  the  edges  of  the  ablated  volume,  this  variation 
in  the  intensity  on  the  target  is  related  to  the  angles  (a’,  a”)  by  the  cosine  law 

IT(a')  =  IL  cos  (90°  -  a')  IT(a")  =  IL  cos  (90°  -  a") 

Using  the  ablation  rate  aP  on  the  optical  axis  of  the  laser  radiation,  the  height  difference  AH  can  be  computed  for  the 
individual  pulses  based  on  the  caustic  and  the  cosine  law.  The  height  AH  related  to  pL  becomes: 

AH(PL)  =  aP(/}L,N)  {cos  (90°  -  a" )  -  cos  (90°  -  a')} 

=  dp  (0 l  ’  -^0  {cos  (j3 1  & bl)  ~  COS  L  + 
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Figure  8:  The  height  difference  AL  and  the  ground  angles  oto  for  an  ablated  structure 

The  ground  angle  of  the  first  pulse  can  be  computed  with  Ah  and  the  projected  image  diameter  AY  according  to  Figure  8 
by 

ccg{N  =  1,  f}L)  =  arctan  j-^-J 

Where  the  projected  image  diameter  A  Y  can  be  derived  from  the  measured  image  diameter  of  A  Y  IM=  150  pm  and  the 
tilting  angle  pLby 

Ay  =  A YM  /cos(&) 

With  these  parameters,  an  estimation  of  Og  can  be  carried  out  taking  a  fixed  ablation  rate  aP(N=20,  pL  =  45°)  =  550  pm 
taken  from  the  data  presented  in  Figure  4:  An  iteration  has  to  be  applied  for  computing  the  ground  angle  Og(N)  at 
arbitrary  pulse  numbers  N.  Therefore  the  equation  to  calculate  the  height  difference  AH(N)  has  to  be  extended  by  the 
using  the  ground  angle  <Xc(N- 1 )  of  the  preceding  pulse: 

’ N)  =  ar{Pi. .  N)  {cos  (PL  -  ac  (N  - 1)  -  ccBL )  -  cos  (fiL  -  aG  ( N  - 1)  +  ccBL )} 

To  test  this  iteration  the  ground  angle  values  were  computed  and  compared  with  the  results  for  F2  with  3  different 
tilting  angles  pL  (Figure  9). 


Figure  9:  The  ground  angle  Ooof  drilled  structures  in  F2;  theoretical  values 
and  measured  data  for  different  number  of  pulses  N  and  tilting  angle  pL 


Based  on  the  theoretical  results,  it  can  be  stated,  that  the  ground  angles  determined  in  the  experimental  data  is  strongly 
related  to  the  numerical  aperture,  although  these  angles  are  underestimated.  Since  the  approximation  does  not  integrate 
reflection,  which  increases  with  the  angle  of  incidence,  an  improvement  for  further  modeling  is  expected  by  a  more 
detailed  description  of  an  angular  dependent  ablation  rate. 
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3.  FIRST  INNOVATIVE  GEOMETRY  WITH  ITS  APPLICATIONS  PRODUCED  WITH  THE 

NEW  TECHNIQUE 


3-D  structures  have  been  produced  to  demonstrate  prospective  advances  in  microsystems  technology  which  can  be 
achieved  with  undercutting  structures.  Two  demonstrators  have  been  selected:  a  free  standing  needle,  which  can  be  used 
as  a  vibration  element  in  actuator  or  sensortechnology  and  a  micro-cavity  for  enhancements  in  the  tribologic  functional 
parts. 

The  micro  needle  based  system  can  already  be  machined  by  selective  wet  edging  in  silicon.  With  new  laser  machining 
such  structures  in  piezo-electrical  ceramics  are  of  major  interest,  since  they  can  directly  be  integrated  in  electronic 
devices. 

In  tribology,  micro-cavities  can  store  lubricant  and  reduce  wear  due  to  friction.  These  2D  structures  are  already  used 
e.g.  in  the  automotive  industry  [ABE  01]  nevertheless  3D  cavities  are  advantageous  when  the  cavity  can  not  be  refilled 
during  the  life  time  of  mobile  components.  Especially  in  micro  systems,  lubrication  must  mostly  be  carried  out  before 
the  assembly  of  the  components.  In  order  to  demonstrate  the  machining  of  an  example,  a  3D  micro  cavity  was  produced 
and  will  be  described  below. 

Micro  needle  based  system 

The  vibrating  part  of  a  typical  sensor  is  usually  a  detached  triangle  over  a  length  in  the  order  of  some  millimeters.  The 
detached  volume  acts  as  an  inert  mass  and  must  therefore  be  precisely  adjusted  to  the  target  resonance  frequency.  The 
dimensions  of  the  programmed  geometry  are  given  in  Figure  9. 


Figure  10:  Model  Machining  of  a  free  standing  needle 

The  structures  were  machined  in  the  two  investigated  materials  (ceramics  and  glass).  The  achieved  structures  are  given 
in  Figure  11.  The  surface  quality  of  the  structure  is  considered  to  be  sufficient  for  this  application,  when  machined  in 
A997.  Studies  on  2D  structures  recently  revealed,  that  the  process  parameters  for  F2  can  be  improved  by  ablating  with  a 
lower  pulse  energy  at  shorter  wavelengths  e.g.  with  157  nm. 
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Figure  1 1 :  Machining  of  a  needle  by  use  of  undercuttings:  on  the  left  A-997,  on  the  right  :F2 


Micro-cavities  in  tribology 

The  machined  micro-cavities  were  planned  to  be  symmetrical  with  a  ground  composed  by  drilling  channels  with 
different  tilting  angles.  The  depth  of  these  channel  was  planned  to  be  on  a  spherical  surface  as  shown  in  the  drawing  in 
Figure  12a)  with  the  machined  structure  in  the  ceramic.  The  sequence  to  drill  into  the  target  is  marked  by  numbers  from 
1  to  9.  The  structure  was  machined  by  drilling  each  time  as  far  as  possible  away  from  the  drilling  made  before:  first 
drilled  along  the  two  borders  (No.  1&  2  in  Figure  12a)  and  then  in  the  middle  of  the  structure.  After  the  first  drilling,  the 
number  of  pulses  must  carefully  be  adjusted  for  the  succeeding  ablations  to  obtain  depths  being  all  on  a  spherical 
surface. 


Figure  12:  Machining  of  a  buried  cavity:  a)  Model  with  the  numbered  drilling  sequence  b)  Machined  in  ceramics  (A997) 


The  achieved  cavity  in  ceramics  (Figure  12a)  showed  well  defined  borders  and  flank  angles.  Although  the  difficulty  to 
adjust  the  pulse  number  for  the  channels  led  to  a  less  defined  ground  surface,  the  averaged  depth  of  the  cavity  was 
sufficient  for  a  potential  storage  of  lubricant  and  demonstrates  well  the  potential  of  such  a  undercutting  structure. 

Outlook 

Further  developments  will  optimize  the  reachable  surface  quality  of  3D  structures.  This  optimization  is  a  important  step 
towards  further  applications  such  as  individual  reworking  of  medical  implementation  products. 

Furthermore,  an  adaptation  of  the  theory  and  machining  with  other  wavelength  such  as  193  nm  and  157  nm  will  be 
performed.  With  those  solutions  the  3D-structuring  of  innovative  materials  such  as  PTFE  and  fused  silica  will  be 
possible. 
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CONCLUSION 


Machining  of  undercutting  structures  in  ceramics  and  glass  was  described  and  analyzed.  The  influence  of  the  tilting 
angle  pL  on  the  structures  geometry  was  investigated  in  a  fundamental  study.  For  a  low  number  of  pulses,  the  ablation 
rate  aP  and  the  ground  angle  CXg  were  influenced  by  pL  due  to  the  numerical  aperture  of  the  machine  working  with  the 
applied  mask  technique. 

Undercutting  structures  are  usually  machined  with  a  high  number  of  laser  pulses  since  they  normally  exceed  depths  of 
more  than  12-20pm.  This  means  for  an  industrial  use  of  this  technique  that  the  influence  of  tilting  angles  on  the  ablation 
rate  and  on  the  ground  angle  is  of  less  importance.  The  potential  of  undercutting  structures  has  been  demonstrated  for  a 
sensor  and  a  tribologic  application.  With  the  great  variety  of  materials  which  can  be  machined  with  excimer  lasers,  this 
technique  is  expected  to  be  important  for  specialized  applications  in  microsystems. 

This  study  leads  also  to  new  potential  applications  for  structures  with  little  depth  exploiting  the  numerical  aperture  of 
the  system.  A  defined  angle  between  the  surface  and  the  machined  structure  can  be  adjusted  by  the  geometry  of  the 
laser  beam  caustic. 
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Microscale  Bending  of  Brittle  Materials  using  Pulsed  and  CW  Lasers 
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ABSTRACT 

This  work  demonstrated  using  pulsed  and  CW  lasers  for  microscale  bending  of  brittle  materials,  including  glass, 
ceramic,  and  silicon.  Based  on  the  absorption  characteristics  of  these  materials,  different  types  of  lasers  were  used 
for  achieving  bending.  Experimental  studies  were  conducted  to  find  out  relations  between  bending  angles  and  laser 
operation  parameters. 

Keywords:  Laser  bending,  brittle  materials,  thermal  stress,  pulsed  laser,  CW  laser 


1.  INTRODUCTION 

Laser  bending  or  laser  forming  is  a  newly  developed,  flexible  technique  to  modify  the  curvature  of  sheet  metals  or 
hard  materials.  There  are  several  mechanisms  causing  laser  bending,  which  are  determined  by  the  thermophysical 
properties  and  geometry  of  the  specimen,  and  laser  processing  parameters.  Common  laser  bending  mechanisms 
include  the  temperature  gradient  mechanism  and  the  buckling  mechanism  [1].  For  the  temperature  gradient 
mechanism,  only  the  surface  layer  is  heated  (thus  there  is  a  temperature  gradient  with  the  highest  temperature  at  the 
surface),  the  residual  stress  and  strain  are  concentrated  in  the  near  surface  region.  The  residual  strain  is  compressive, 
causing  the  specimen  to  bend  toward  the  laser  beam.  This  type  of  bending  is  preferred  when  a  consistent  bending 
direction  is  required.  If  laser  heating  is  uniform  across  the  thickness  of  the  specimen,  the  specimen  will  bend  just 
like  a  beam  under  compression.  In  this  case,  bending  is  caused  by  the  buckling  mechanism  and  the  bending  direction 
depends  on  the  pre-curvature  and  the  initial  stress  of  the  specimen. 

Applications  of  laser  bending  include  ship  construction  [2],  removing  welding  distortion  and  straightening  car  body 
parts  [3],  and  rapid  prototyping  [4,  5].  Laser  bending  was  also  studied  for  micro-machining  of  brittle  materials, 
which  is  very  difficult  to  be  machined  by  traditional  techniques  due  to  its  sensitivity  to  machining  damage.  Chen  et 
al.  [6]  studied  high  precision  laser  bending  for  ceramic  computer  components.  They  achieved  a  bending  precision  of 
sub-microradian,  far  exceeding  those  obtained  by  any  other  method. 

The  purpose  of  this  work  is  to  study  laser  bending  technique  for  brittle  materials,  including  glass,  ceramic,  and 
silicon.  Three  types  of  lasers,  i.e.,  a  Nd:VA  pulsed  laser,  a  fiber  CW  laser  and  a  C02  CW  laser  are  used  to  bend 
different  materials  The  amount  of  bending  with  different  laser  powers  and  laser  scanning  velocities  is  obtained  and 
compared. 


2.  EXPERIMENTAL 

Figure  1  illustrates  the  experimental  setup  for  performing  laser  bending  as  well  as  for  measuring  the  bending  angle. 
The  irradiation  laser  beam  is  expanded  by  a  beam  expander  and  then  focused  onto  the  target  using  a  focus  lens.  One 
end  of  the  target  is  clamped.  The  focused  laser  beam  scans  the  specimen  surface  along  the  y-axis  (Fig.  1)  using  a 
digital  control  scanning  system.  A  He-Ne  laser  beam  is  focused  at  the  free  end  of  the  specimen  to  measure  the 
bending  angle  in  the  z  direction.  The  reflected  He-Ne  laser  beam  is  received  by  a  position  sensitive  detector  (PSD) 
with  1  pm  sensitivity  in  position  measurement.  The  accuracy  of  the  bending  angle  measurement  is  about  ±1.5  prad 
when  the  distance  between  the  specimen  and  the  PSD  is  set  to  750  mm  in  the  experiment.  After  laser  scanning,  the 
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specimen  bends  toward  the  laser  beam,  causing  the  reflected  He-Ne  laser  beam  to  move  across  the  PSD.  The 
position  change  of  He-Ne  laser  beam  can  be  converted  to  the  bending  angle  of  the  specimen  using  geometrical 
calculations.  The  whole  apparatus  is  set  on  a  vibration-isolation  table. 


1.  Laser,  2.  shutter,  3.  polarizing  beamsplitter,  4.  mirror 
5.  beam  expander,  6.x-y  scanner,  7.  specimen,  8.  beam  splitter 
9.  position  sensitive  detector,  10.  lens,  11.  He-Ne  laser 
Fig.  1:  Experimental  setup 

The  operation  parameters  of  three  lasers  are  shown  in  Table  1.  The  CO2  laser  and  the  fiber  laser  arc  run  at  the  CW 
mode,  and  the  Nd:VA  laser  is  run  at  the  pulsed  mode.  The  laser  beam  diameter  is  measured  using  the  knife  edge 
technique.  SiOj  glass,  ceramic  (Al2Oj/TjC)  and  silicon  sheets  are  used  as  test  specimens.  Before  the  laser  treatment, 
the  samples  are  polished  and  cleaned  with  acetone.  The  parameters  of  the  specimens  are  summarized  in  Table  2. 


Table  1 :  Parameters  of  pulsed  laser  and  CW  laser 


CO2  laser 

Nd:VA  laser 

Fiber  laser 

Laser  wavelength 

10.6  pm 

1.06  um 

1.10  pm 

Laser  pulse  full  width 

— 

120  ns 

Laser  pulse  repetition 

— 

22  kHz 

_ 

Laser  maximum  power 

10.0  w 

1.6  W 

9.0  W 

Laser  beam  diameter 

100-150  pm 

50-60  pm 

60-70  pm 

Table  2:  Specimen  parameters 


Specimen  material 

Glass 

Ceramic 

Silicon 

Specimen  length 

10.0  mm 

10.0  mm 

8.0  mm 

Specimen  width 

2.0  mm 

1.25  mm 

1.50  mm 

Specimen  thickness 

0.15  mm 

0.35  mm 

0.20  mm 

3.  RESULTS  AND  DISCUSSIONS 

Different  lasers  and  laser  bending  processes  are  chosen  for  different  materials.  This  is  mainly  because  the  materials 
have  different  optical  absorption  characteristics.  Glass  is  transparent  to  laser  beam  of  wavelength  1.06  pm,  therefore 
neither  the  Nd:VA  laser  nor  the  fiber  laser  can  bend  the  glass.  On  the  other  hand,  glass  can  be  bent  by  a  COj  laser  of 
10.6  pm  wavelength.  The  optical  absorption  depth  of  SiOj  glass  at  X=10.6  pm  is  around  0.5  pm  [7].  Ceramic 
specimens  can  also  be  bent  by  the  COj  laser.  Figure  2  shows  bending  angle  of  glass  and  ceramic  specimens  as  a 
function  of  the  power  of  the  CO2  laser  at  the  scanning  velocity  of  0.2  mm/s.  It  can  be  seen  that  the  bending  angle 
increases  when  the  input  laser  power  increases.  For  the  glass  specimen,  a  bending  angle  of  102  prad  is  obtained 
when  the  laser  power  is  0.28  W.  The  glass  surface  is  melted  when  the  laser  power  is  higher  than  0.28  W.  It  is  also 
found  that  a  bending  angle  on  the  order  of  1  degree  can  be  obtained  by  using  higher  laser  powers  (>0.28  W)  and 
multiple  scanning.  For  ceramic  bending,  as  shown  in  Fig.  2b,  the  maximum  bending  angle  is  33.28  prad  when  the 
laser  power  is  0.76  W.  It  is  observed  that  the  inverse  bending,  i.e.,  away  from  the  laser  beam,  will  happen  when  the 
laser  power  is  increased  to  higher  than  0.9  W. 
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Fig.  2:  COj  laser  bending  of  (a)  Si02  glass,  (b)  ceramic  as  a  function  of  laser  power  (scanning  velocity=0.2  mm/s) 

Bending  angles  of  ceramic  specimens  are  also  obtained  using  the  laser  of  wavelength  1.06  pm  at  various  laser 
processing.  Results  obtained  by  the  Nd:VA  pulsed  laser  and  the  fiber  CW  laser  are  shown  in  Fig.  3  and  Fig.  4, 
respectively.  As  expected,  it  is  seen  from  Fig.  3a  and  Fig.  4a  that  the  bending  angle  decreases  with  an  increase  in  the 
scanning  velocity,  and  from  Fig.  3b  and  Fig.  4b  that  the  bending  angle  increases  when  the  input  laser  power 
increases.  For  the  pulsed  laser  at  the  power  of  1.1  W,  the  scanning  velocity  should  be  kept  below  35  mm/s  in  order 
to  get  a  bending  angle  of  about  5  prad  or  larger.  For  the  CW  laser  at  the  power  of  5  W,  the  corresponding  scanning 
velocity  is  about  400  mm/s.  During  CW  laser  bending,  it  is  found  that  if  the  scanning  velocity  is  26  mm/s  or  lower  at 
the  laser  power  of  5  W,  the  bending  mechanism  changes  from  the  temperature  gradient  mechanism  to  the  buckling 
mechanism  and  the  specimen  bends  away  from  the  laser  beam.  This  is  because  energy  deposited  from  the  laser 
diffuses  through  the  thickness  of  the  specimen  when  scanning  of  the  CW  laser  beam  slows  down.  On  the  other  hand, 
the  specimen  always  bends  toward  the  laser  beam  during  pulsed  laser  bending  owing  to  the  high  temperature 
gradient  near  the  surface  obtained  during  pulsed  laser  bending. 

Figures  3c  and  4c  indicate  that  for  both  pulsed  laser  and  CW  laser,  scanning  over  the  specimen  surface  repetitively 
would  increase  the  total  bending  angle,  but  the  amount  of  additional  bending  angle  decreases  with  the  number  of 
scanning  lines.  For  the  pulsed  laser,  the  bending  angle  obtained  by  the  second  laser  scan  drops  to  about  25%  of  the 
angle  obtained  by  the  first  scan  and  no  additional  bending  occurs  after  4  scans.  For  the  CW  laser,  the  bending  angle 
of  the  second  scan  is  about  70%  of  the  first  scan,  and  no  additional  bending  occurs  after  6  scans. 


Scannine  velocity  (mm/s) 


Laser  fluence  (J/cm2) 


Laser  power  (W) 
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Number  of  scanning  lines 


Distance  between  scanning  lines  (pm) 


Fig.  3:  Pulsed  User  bending  of  ceramics  as  a  function  of  (a)  scanning  velocity  (laser  power  =1.1  W),  (b)  laser  power 
(scanning  velocity=3-25  mrn/s),  (c)  number  of  laser  scanning  lines,  (d)  distance  between  adjacent  ««nning  h,^ 
power=l.l  W,  scanning  velodty=3 25  mm/s  for  c  and  d).  * 
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Fig.  4;  CW  laser  bending  of  ceramic  as  a  function  of  (a)  scanning  velocity  (laser  power=5.0  W),  (b)  laser  power  fanning 
velocity- 130  mm/s),  (c)  number  of  laser  scanning  lines,  (d)  distance  between  adjacent  scanning  lines  (laser  i>ower=5.0  W 
scanning  velocity=130  mm/s  for  c  and  d).  * 

The  amount  of  bending  induced  by  the  pulsed  laser  and  the  CW  laser  is  compared  while  keeping  the  same  laser 
generated  stress-affected  zone.  The  size  of  the  stress-affected  zone  is  determined  in  experiment  as  the  separation 
distance  above  which  any  two  adjacent  scans  do  not  influence  each  other.  The  bending  angle  as  a  function  of  the 
separation  distance  between  two  scans  is  measured.  As  shown  in  Fig.  3d  and  Fig.  4d,  when  the  scanning  velocity  of 
the  1.1  W  pulsed  laser  is  set  at  3.25  mm/s  and  the  scanning  velocity  of  the  5  W  CW  laser  is  set  at  130  mm/s,  the 
stress  affected  zone  in  both  cases  is  100  micrometers.  However,  the  resulting  bending  angles  are  different,  the 
bending  angle  obtained  with  the  CW  laser  is  about  twice  of  that  obtained  from  the  pulsed  laser. 
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The  main  reason  for  the  CW  laser  to  cause  more  bending  compared  to  the  pulsed  laser  is  the  longer  thermal 
penetration  depth  obtained  in  CW  laser  bending.  In  pulsed  laser  bending,  the  peak  power  and  the  peak  temperature 
are  higher,  therefore,  the  top  surface  layer  is  sputtered.  The  thermally  affected  depth  is  on  the  order  of  one 
micrometer.  On  the  other  hand,  in  CW  laser  bending,  the  peak  power  and  the  peak  temperature  are  lower.  The 
molten  material  is  not  all  sputtered,  and  is  accumulated  on  the  surface  after  resolidification.  The  thermal  penetration 
depth  is  on  the  order  of  one  hundred  microns,  resulting  in  a  larger  stress  affected  region  and  more  bending. 

Unlike  Si02  glass,  silicon  cannot  be  bent  using  the  C02  laser.  This  is  because  its  optical  absorption  depth  at  A^=10.6 
pm  is  about  12  mm  [7],  which  is  sixty  times  of  the  silicon  thickness  (0.2  mm).  This  long  absorption  depth  cannot 
create  a  sharp  temperature  gradient  in  silicon  specimens  to  cause  bending.  The  silicon  optical  absorption  depth  at 
X=1.06  pm  is  about  0.25  mm  [7],  thus  silicon  can  be  bent  using  the  Nd:VA  laser  and  the  fiber  laser.  Figures  5a  and 
5b  show  the  bending  angle  of  silicon  specimens  as  a  function  of  the  power  of  the  pulsed  Nd:VA  laser  and  the  CW 
fiber  laser,  respectively.  Comparing  Fig.  5b  with  Fig.  4b,  it  can  be  seen  that  the  bending  angles  of  silicon  are  less 
than  half  of  the  bending  angles  of  ceramic  specimens  at  most  of  laser  power  levels,  due  to  the  longer  absorption 
depth  and  the  faster  heat  diffusion  process  in  silicon. 


2 

Laser  fluence  (J/cm  ) 


Laser  power  fWl 


Fig.  5:  Bending  angle  of  silicon  as  a  function  of  laser  power  at  scanning  velocity  3.25  mm/s  for  (a)  pulsed  Nd:VA  laser,  (b) 

CW  fiber  laser 


4.  CONCLUSIONS 

This  work  demonstrated  using  C02  laser,  Nd:VA  pulsed  laser,  and  fiber  CW  laser  for  microscale  bending 
of  brittle  materials,  including  glass,  ceramics,  and  silicon  specimens.  Experimental  studies  were  conducted  to  find 
out  relations  between  bending  angles  and  laser  operation  parameters.  The  glass  specimen  can  only  be  bent  using  C02 
laser  and  a  bending  angle  on  the  order  of  1  degree  may  be  obtained  using  high  laser  power  and  multiple  scanning. 
Bending  results  of  ceramic  and  silicon  obtained  by  different  lasers  were  compared.  It  was  found  that  when  the  laser 
generated  stress-affected  zone  was  kept  same,  the  CW  fiber  laser  produced  more  bending  than  the  pulsed  Nd:VA 
laser  did.  However,  the  Nd:VA  pulsed  laser  caused  much  less  surface  composition  change  and  thermomechanical 
damage  to  the  specimens. 
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ABSTRACT 

A  pulsed  UV  laser  volumetric  direct-write  patterning  technique  has  been  used  to  fabricate  the  structural  members  and 
key  fluidic  distribution  systems  of  a  miniature  100  gm  mass  spacecraft  called  the  Co-Orbital  Satellite  Assistant  (COSA). 
A  photostructurable  glass  ceramic  material  enables  this  photo-fabrication  process.  The  COSA  is  a  miniature  space 
vehicle  designed  to  assist  its  host  ship  by  serving  as  a  maneuverable  external  viewing  platform.  Using  orbital  dynamics 
simulation  software,  a  minimum  AV  solution  has  been  found  that  allows  a  COSA  vehicle  to  eject  from  the  host  and 
maneuver  into  an  observation  orbit  about  the  host  vehicle.  The  results  of  the  simulation  show  that  a  cold  gas  propulsion 
system  can  adequately  support  the  mission  given  a  total  fuel  volume  of  5  cm3.  A  prototype  COSA  with  dimensions  of  50 
x  50  x  50  mm  has  been  fabricated  and  assembled  for  simulation  experiments  on  an  air  table  The  vehicle  is  fashioned  out 
of  7  laser  patterned  wafers,  electronics  boards  and  a  battery.  The  patterned  wafers  include  an  integrated  2-axis 
propulsion  system,  a  fuel  tank  and  a  propellant  distribution  system.  The  electronics  portion  of  the  COSA  vehicle 
includes  a  wireless  communication  system,  2  microcontrollers  for  systems  control  and  MEMS  gyros  for  relative  attitude 
determination.  The  COSA  vehicle  is  designed  to  be  mass  producible  and  scalable. 

Keywords:  laser  microfabrication,  3D  fabrication,  nanosatellite,  picosatellite,  volumetric  patterning,  photostructurable 
glass  ceramic 


1.  INTRODUCTION 

Future  space  systems  will  incorporate  architectures  that  rely  heavily  on  distributed  sensing,  analysis  and  functionality  for 
both  spacecraft  and  systems  of  spacecraft.  Microelectromechanical  systems  (MEMS)  or  microsystems  play  an  important 
role  in  reducing  the  size  of  spacecraft  systems  and/or  enhancing  their  functionality.  The  same  can  be  said  for  the 
fabrication  of  the  overall  satellite  which,  depending  on  the  mission,  can  be  reduced  in  size  to  that  of  a  nanosatellite  (1-to- 
10  kg  mass)  or  smaller.  Studies  show  that  a  one  kilogram  satellite  can  be  used  in  missions  of  long  duration.1  However, 
far  more  space  missions  can  only  be  realized  with  spacecraft  of  more  traditional  size  and  weight.  These  larger 
spacecraft,  including  the  NASA  Shuttle  and  the  International  Space  Station  (ISS),  will  require  periodic  inspection  of 
external  systems  during  routine  maintenance,  or  emergency  inspection  during  critical  malfunctions  such  as  a  failed  solar 
array  deployment.  To  assist  these  larger  space  systems,  The  Aerospace  Corporation  is  developing  a  miniature  inspector 
satellite  of  the  -100  gm  class  that  is  designed  to  be  pre-fueled  and  stowed  on  board  a  “mother”  ship.  When  needed,  the 
miniature  satellite  is  deployed  and  controlled  via  the  mother  ship  communications  system.  The  miniature  satellite  is  put 
into  an  appropriate  co-orbit  around  the  mother  ship  and  commences  inspection.  Upon  mission  completion,  the  satellite 
is  not  retrieved  but  either  put  into  an  earth  de-orbit  maneuver  or  for  non  earth  orbit  missions  is  jettisoned  away  from  the 
mother  ship.  To  make  this  mission  viable,  the  Co-Orbiting  Satellite  Assistant  (COSA)  must  be  designed  to  be  mass 
producible  to  make  it  an  expendable  unit.  It  must  be  highly  integrated  to  increase  reliability  and  reduce  cost,  and  it  must 
have  some  autonomous  behavior  to  insure  that  close  encounters  with  the  mother  ship  do  not  result  in  a  collision.  If  a 
COSA  can  be  made  small  and  lightweight,  many  COSAs  could  be  stored  on  board  without  incurring  a  large  mass 
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penalty  and  these  units  could  be  used  to  assist  in  a  multitude  of  operations  such  as  providing  visual  inspections  and 
assisting  in  the  calibration  of  onboard  antennas. 


2.  SYSTEMS  ENGINEERING  &  MISSION  FEASIBILTY 

A  systems  engineering  study  was  performed  to  both  identify  technology  goals  and  to  identify  a  minimum  energy  Co¬ 
orbit  that  could  be  achieved  with  the  limited  fuel  (~5cm3)  expected  on  board  a  COSA.  To  make  the  COSA  mass 
producible  and  expendable,  we  considered  materials  for  the  structure  that  could  be  processed  with  large  flexibility.  Both 
plastics  and  glass  materials  fulfill  this  requirement  with  glass  having  the  additional  advantage  of  higher  strength  and 
feasibility  of  implementing  on-board  photonics.  To  make  the  design  expandable,  we  chose  a  modular  layer  design 
philosophy.  We  required  integral  microelectronics  and  MEMS  either  within  the  structural  layer  or  within  a  layer  that 
could  be  easily  mated  with  an  electronics  multi  chip  module  “board”.  The  major  functional  subsystems  of  the  COSA  are 
a  short  range  wireless  communication  system,  a  propulsion  system  for  attitude  control,  MEMS  rate  gyros,  MEMS 
accelerometers,  and  a  horizon  sensor  for  short  term  navigation  between  host  satellite  position  updates.  Table  1  below 
lists  the  major  subsystems  of  the  COSA  laboratory  prototype  design.  The  choice  of  components  is  primarily  driven  by 
the  requirement  to  keep  the  total  mass  (including  fbel)  near  lOOgm  and  the  desire  to  maintain  a  volume  less  than  50  x  50 
x  50  mm  .  Additional  add-on  systems  for  the  laboratory  prototype  COSA  would  be  a  camera  or  an  electronic  or 
photonic  calibration  source. 


Table  1 :  COSA  subsystem  components  and  their  function 


COSA  Critical  Subsystem  Components 

Function 

MEMS  pressure  sensor  and  signal  conditioner 

Fuel  pressure  measurement 

433.92  MHz  FM  receiver  @9600  bps  OOK 

Wireless  communications  (uplink) 

Thermocouple  (Type  K)  with  ice  point  compensator 

Fuel  temperature  measurement 

Five  solenoid  valves  (3-way) 

Thruster  control 

315MHz  FM  transmitter  @  4500  bps  OOK 

Down  link  channel 

Two  microcontollers  (Pickstic3  2K/PIC16F628)/  4 ADC  channels 

COSA  control 

MEMS  gyro 

Inertial  attitude  determination 

Two  Lithium  ion  batteries  (  7.2V  @1.1  Watts) 

Power  source 

Nichrome  heater  (0.3  -  3  W) 

Fuel  pressure  control 

The  COSA  mission  requires  precision  thrusting  that  maneuvers  the  daughter  satellite  into  a  co-orbital  observation 
trajectory  about  the  mother  ship.  Thrusting  results  in  a  change  in  velocity  (AV;)  that  alters  the  previous  COSA  orbit. 
Minimum  propellant  usage,  corresponding  to  minimum  AV  =  Z(AV;),  requires  a  COSA  phasing  trajectory  where  the 
released  COSA  initially  gets  a  tangential  AV  in  the  opposing  direction  of  the  host  vehicle  flight  path,  followed  by  a 
similar  AV  maneuver  in  the  opposite  direction  after  one-half  of  an  orbital  period.  This  results  in  the  COSA  being  placed 
in  the  same  orbit,  but  behind,  the  host  vehicle.  A  second  series  of  maneuvers  places  the  COSA  in  an  inclined 
observation  trajectory  about  the  host  vehicle.  Figure  1  shows  the  COSA,  the  host  vehicle,  and  several  potential 
observation  orbits.  The  phasing  orbit  is  also  shown.  For  a  700  km  altitude  99  minute  earth  orbit,  the  orbital  simulations 
show  that  the  phasing  orbit  requires  a  AV  of  3  mm/s  while  the  total  AV  for  reaching  an  observation  orbit  is  180  mm/s. 
Using  first  order  kinetic  equations  of  motion,  F8t  =  m  (AV),  where  F  is  the  force,  m  is  the  mass  and  8t  and  AV  represent 
the  impulse  duration  and  change  in  velocity  respectively,  a  1  mN  thruster  firing  for  1  sec  would  generate  a  AV  of  10 
mm/s  for  a  100  gm  mass  vehicle.  These  results  suggest  that  a  1  mN  class  propulsion  system  could  fulfill  the  mission 
requirements  if  sufficient  fuel  could  be  stored  on  board  the  COSA.  A  potential  fuel  candidate  for  space  applications  is 
butane  or  ammonia.  For  the  laboratory  tests  we  use  1,1, 1,3, 3,3  hexafluoropropane  (Dupont;  HFC  -  236fa,  30  PSIG  at 
room  temperature  and  pressure)  and  fuel  volume  of  5.6  cm3. 
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Figure  1:  COSA  observation  trajectories  around 
host  vehicle. 


There  are  different  types  of  propulsion  systems  that  could  be  integrated  into  a  COSA.  Specific  impulse,  defined  as  thrust 
divided  by  propellant  mass  flow  rate,  is  a  figure-of-merit  for  propulsion  systems  and  a  direct  measure  of  propellant 
efficiency.  Cold  gas  thruster  systems  typically  have  the  lowest  specific  impulse  of  any  practical  thruster,  typically 
between  40  and  80  seconds.  Other  propulsion  approaches  such  as  ion  or  pulsed  plasma  propulsion  offer  drastically 
increased  specific  impulse  (thousands  of  seconds),  but  entail  additional  system  and  fabrication  complexities.  Due  to  the 
low  velocity  increment  requirements  for  the  COSA  mission,  however,  cold  gas  thrusters  impose  less  than  a  l/o 
propellant  mass  fraction  used  per  maneuver  where  the  propellant  mass  fraction  is  defined  as  the  propellant  consumed 
divided  by  the  total  spacecraft  mass  (with  propellant).  Figure  2  shows  the  required  propellant  mass  fraction  as  a  fimction 
of  velocity  increment  AV  for  a  number  of  different  specific  impulses.  These  curves  show  that  a  AV  of  lm/s  is  easily 
obtained  using  propellant  mass  fractions  below  1%  even  for  a  low  specific  impulse  (about  25  seconds)  cold  gas  thruster. 
The  total  AV  required  for  positioning  of  the  COSA  into  an  observational  orbit  is  <0.19  m/s. 


Figure  2:  Propellant  requirements  to  achieve  a  necessary 
velocity  increment  per  maneuver. 
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Our  orbital  simulations  show  that  a  COS  A  observational  mission  around  the  host  vehicle  is  technically  feasible  for  a  100 
grn  COSA  vehicle  containing  5  cm  volume  of  fuel.  The  question  is  whether  a  COSA  vehicle  could  be  fabricated  and 
assembled  within  the  mass  requirement. 

3.  Material  Processing  and  Systems  Assembly 

Laser  direct-write  (LDW)  material  processing  techniques  were  implemented  for  the  fabrication  of  the  COSA  component 
wafers.  The  reasons  are  twofold.  First,  LDW  material  processing  permits  rapid  prototyping  of  COSA  component 
designs  because  it  is  a  maskless  processing  approach.  Second,  LDW  easily  permits  the  fabrication  of  true  3  dimensional 
(3D)  structures,  e.g.,  nozzles,  for  efficient  use  of  the  limited  on  board  propellant.  Even  though  LDW  has  these  unique 
advantages,  it  is  an  inherently  slow  process  because  of  its  serial  nature.  Fabricating  the  patterned  wafers  that  make  up 
the  COSA  by  laser  ablation  would  not  be  cost-effective  because  expensive  laser  photons  are  used  to  remove  matter  In 
addition,  laser  ablation  may  not  be  feasible  given  that  high  aspect  ratio  (>25)  millimeter  deep  trenches  are  required.  A 
more  economic  and  viable  solution  would  be  to  consider  merging  the  advantages  of  batch  processing  (parallel 
processing,  wafer  scale  uniformity,  low  cost)  with  that  of  LDW  (maskless  processing,  true  3D  fabrication)  This  could  be 
done  in  materials  where  a  selective  photosensitivity  leads  to  enhanced  chemical  reactivity.  The  result  of  merging  these 
processes  pennits  the  slow/serial  operations  such  as  LDW  to  be  used  only  for  material  patterning  with  3D  control  while 
batch  operations  (e.g.  chemical  etching)  are  used  for  actually  removing  the  exposed  material.  This  philosophy  is 
commonly  implemented  in  photoresist  material  but  the  mechanical  properties  of  photoresists  are  not  adequate  for  the 
COSA  application. 

Alternative  materials,  the  photostructurable  glass/ceramic  materials2  or  photocerams,  better  meet  the  COSA  strength 
requirements.  These  materials  commonly  function  via  a  three  step  process:  illumination,  ceramization,  and  preferential 
isotropic  etching  step  .  In  Foturan  ,  manufactured  by  Schott  Corporation,  the  photosensitive  character  arises  from 
trapped  Ce  (admixture  Ce02)  and  Ag+  (admixture  Ag20)  ions  that  are  stabilized  by  Sb203  in  a  lithium 
alumumnosilicate  mixture  host  .  Using  the  conventional  linear  absorption  model,  Ce3+  can  be  photoionized  to  form  Ce4+ 
plus  a  free  electron  at  incident  photon  energies  near  3.97  eV  (318  nm).  The  free  electron  neutralizes  a  nearby  Ag+  ion 
(i.e.  Ag  +  e  ->  Ag°)  leaving  a  latent  image  of  the  absorption  event.  In  the  ceramization  step,  migration  and  local 
clustering  of  the  Ag  nuclei  lead  to  formation  of  lithium  silicate  crystals.  In  a  5%  solution  of  HF  these  crystals  etch  20- 
to-40  tunes  faster  than  the  unexposed  amorphous  material.  Glass/ceramic  composites  can  be  prepared  where  the 
hardness  is  greater  than  fused  quartz,  granite,  and  high-carbon  stainless  steel  and  more  closer  to  that  of  tempered  steel 
The  Foturan  material  has  a  Knopp  hardness  of 4600  -  5200  N/mm2  and  a  modulus  of  rupture  that  ranges  between  60-150 
N/mm  .  These  materials  can  be  manufactured  with  no  porosity  to  any  size  and  can  be  shaped  using  traditional  glass 
forming  techniques.  In  addition,  photocerams  can  be  processed  to  contain  very  complex  patterns  by  UV  lithographic 
techniques  . 

The  Aerospace  Corporation  has  added  a  number  of  refinements  to  the  general  processing  of  photocerams6.  These 
include  the  use  of  pulsed  UV  lasers  instead  of  a  UV  lamp  to  enable  direct-write  operations  and  3D  fabrication,  the  use  of 
various  UV  wavelengths  to  control  the  penetration  depth  within  the  bulk  material,  and  the  metered  control  of  the  laser 
fluence  (J/cm  )  and  power  (#shots/sec)  to  enable  fabrication  of  embedded  structures7  or  to  enhance,  with  site-specificity, 
the  chemical  etching  rate  .  With  additional  controls  and  characterization  in  the  ceramization  and  chemical  etching 
steps,  we  have  been  able  to  fabricate  numerous  microstructures  that  are  relevant  for  COSA.  By  design,  the  COSA  is  a  7 
layer  sandwich  structure  comprising  of  individually  patterned  wafers  using  100  mm  diameter  ’  Foturan  wafers 
However,  each  COSA  layer  has  dimensions  of  50  x  50  mm.  We  were  able  to  save  a  dicing/cutting  operation  by  using 
the  laser  to  pattern  a  50  x  50  mm  perimeter  pattern.  By  controlling  the  laser  dose  and  setting  the  pattern  profile  it  is 
possible  to  chemically  etch  the  required  fluidic  patterns  on  the  layer  and  to  release  the  50  x  50  coupon  simultaneously 
from  the  larger  substrate.  Figure  3  (left)  shows  the  CAD  layers  used  in  the  fabrication  of  the  COSA  wafers  while  the 
Figure  3  (right)  describes  the  function  of  each  layer.  Substrates  of  1  and  2  mm  thickness  were  used.  It’ should  be 
possible  to  reduce  the  number  of  layers  from  7  to  4  by  (1)  using  a  4  mm  thick  substrate  to  combine  the  two  2  mm  fuel 
tank  layers  (4  mm  thick  wafers  not  currently  available  from  the  manufacturer),  (2)  further  integrating  the  ‘Valve”  layer 
and  the  “nozzle/flow  channel  plate”  and  (3)  integrating  the  “heater/TC”  layer  with  fuel  tank.  The  pattern  on  each 
wafer/coupon  consisted  of  numerous  layers  of  CAD  files  where  each  CAD  file  grouped  pattern  segments  that  had  to  be 
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exposed  at  a  particular  wavelength  or  laser  power  setting.  For  each  wafer/coupon  all  the  CAD  layers  could  be  run 
sequentially. 


Figure  3:  Computer  assisted  drawings  (CAD)  of  the  7  COSA  wafers,  dimension  50  x  50  x  8  mm  (left). 
Wafer  characteristics  with  wafer  A  as  the  bottom  (left).  Asterisks  identify  wafers  to  be  thinned  from  the 
original  thickness  to  save  more  mass. 


The  LDW  patterning  steps  were  performed  on  a  computer  controlled  XYZ  stepper  with  total  precision  of  better  than  5 
microns.  A  solid  state  diode  pumped  Nd-Yag  laser(Continuum  HP01000)  was  focused  through  a  10X  UV  microscope 
objective  (OFR  LMU  -10x-248  -  with  an  /  of  5)  and  onto  the  photoceram  substrate.  The  substrate  was  held  by  a 
vacuum  chuck  and  its  planarity  could  be  measured  and  corrected  by  a  white  light  interferometer  (WYKO  NT  2000) 
which  is  integral  to  the  LDW  exposure  tool.  The  laser  power  could  be  continuously  monitored  via  a  calibrated  beam 
splitter  and  a  power  meter  (Molectron  XXX).  The  laser  spot  size  on  the  target  surface  and  the  total  incident  power 
depended  on  the  pattern  “drawn”.  On  the  average  a  spot  size  of  5  -20  pm  and  power  of  2  -  15  mW  (2pJ  -  15pJ  per 
pulse)  was  used.  Other  fabrication  attributes  of  the  COSA  are  shown  below. 

•  Seven  wafer  stack  of  patterned  layers  (total  photoceram  dimension  50  x  50  x  8  mm) 

•  Electronics/battery/microvalves  make  the  total  dimension  (50  x  50  x  50  mm) 

•  Pattern  registration  (<50  pm)  on  a  50  x  50  mm  footprint 

•  Via  holes  connecting  multiple  wafers 

•  Plenum  wafer  has  1200  shaped  holes  and  microstructures  for  liquid/gas  separation 

•  Micro  channel  fluid  paths  through  6  wafers 

•  Patterns  contain  both  2D  and  3D  structures 

•  Six  integrated  thruster  nozzles  in  nozzle  and  flow  channel  wafer 

•  Processed  using  3  UV  laser  wavelengths  (248  nm,  266nm,  355nm) 

•  Processed  using  multiple  CAD  layer  patterning 

•  Exposure  processing  speed  1  -  2  mm  /s 

•  Typical  on  target  laser  power  2-15  mW  at  1  KHz  laser  repetition  rate 

Table  2  shows  the  measured  processing  times  for  each  processed  wafer  divided  into  Exposure,  Bake  and  Etch 
operations.  The  total  time  for  fabricating  all  the  wafers  is  roughly  75  hours.  However,  both  the  Bake  and  Etch 
operations  are  batch  processes  -  i.e.  more  than  one  wafer  can  be  baked/etched  at  one  time  and  therefore  are  not 
considered  a  rate  limiting  step.  On  the  other  hand,  the  Exposure  step  is  a  serial  operation  and  its  duration  is  dependent 
on  the  pattern  generator  motor  speed  and  laser  power.  However,  considering  that  the  Exposure  process  is  fundamentally 
a  non-thermal  excitation  process  it  should  be  possible  to  significantly  reduce  the  Exposure  step  duration  by  a  subsequent 
increase  in  the  laser  power  and  scanning  speed.  A  thermally  initiated  process  would  have  the  requirement  of  a  minimum 
residence  time  to  permit  deposition  of  sufficient  quantity  of  heat.  A  non-thermally  initiated  system  is  not  so  constrained. 
We  use  scanning  velocities  of  l-2mm/sec  and  mW  power  levels,  but  much  higher  speed  (e.g.  m/sec)  stepper  motors  are 
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currently  available  and  galvanometer  based  scanners  offer  even  faster  scanning  capabilities.  Finally,  we  have  noted  that 
with  the  Bake  protocol  used  nearly  half  of  the  time  expended  is  in  the  cooling  phase.  It  should  therefore  be  possible  to 
reduce  the  four  hour  segment  by  at  least  one  hour.  The  chemical  etching  step  cannot  be  much  altered.  This  is  because 
the  fundamental  chemical  etching  rate  is  roughly  20  pm/min  for  segments  that  have  absorbed  the  maximum  dose.  Given 
that  many  of  the  microstructures  in  Wafers  A-G  are  at  least  1  mm  high  (  C  and  D  wafers  being  2  mm  thick),  there  is  a 
minimum  time  for  material  removal  (~  50  minutes  for  1mm  thick  samples).  This  minimum  etch  time  only  applies  if  the 
pattern  can  be  etched  without  encountering  the  limitation  of  chemical  transport  to  the  etch  front.  However,  in  many  of 
the  patterns  there  are  significant  chemical  transport  issues.  We  have  employed  the  use  of  high  pressure  sprays  to  more 
efficiently  drive  the  etchant  to  within  deep  holes  and  crevices. 


Table  2:  COSA  wafer  processing  times  (hours:minutes),  delineated  by  LDW  (serial)  and  batch  (parallel) 


Figure  4  shows  the  processed  COSA  wafers  after  the  Bake  step  (right  hand  image)  and  after  the  final  Chemical  Etching 
step  (left  hand  image).  Also  shown  are  two  of  the  five  miniature  commercial  solenoid  valves  (LEE  Corp.  LHDA 
05231 12H)  used  in  the  COSA  (foreground  left  image).  In  the  right  image,  six  of  the  wafers  are  shown  stacked  to 
delineate  detail  of  the  circuitous  fluidic  channel  pattern.  The  dark  regions  will  be  removed  by  the  chemical  etching 
process.  It  is  difficult  to  detail  much  of  the  patterned  microstructures  because  of  the  large  aspect  ratio  and  the  lack  of 
access  to  a  large  depth-of-field  microscope.  However,  Figures  5  and  6  show  expanded  views  of  the  integrated 
supersonic  nozzle  region  (Figure  5)  and  a  section  of  the  plenum  wafer  and  the  liquid-to-gas  transfer  interface  (Figure  6). 


Figure  4:  The  fabricated  and  etched  wafers  with  two  microvalves  shown  (left).  Six  of  the  seven  wafers  are  stacked  to 
show  registration,  the  plenum  wafer  is  not  included  as  it  would  obstruct  the  view  to  layers  below. 
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There  are  a  number  of  immediate  conclusions  one  can  draw  from  analyzing  Figures  4  -6.  First,  the  LDW  volumetric 
exposure  process  using  commercial  solid  state  pumped  Nd-Yag  lasers  is  sufficiently  robust  to  permit  long  exposure 
processing  that  includes  complex  patterns  and  intricate  microstructures.  The  running  of  a  multi-hour  “job”,  unattended, 
only  becomes  acceptable  because  the  pattern  transfer  process  and  the  laser  systems  control  can  be  automated.  Second, 
as  a  result  of  using  a  chemical  etching  process  to  remove  the  material,  the  processed  surface  is  inherently  smoother  than 
that  typically  measured  from  laser-ablated  material  processing.  We  have  measured  surface  roughness  on  the  order  of  1-2 
microns  without  using  additional  annealing  operations.  This  roughness  is  directly  related  to  the  photoactive  dopant 
density  in  the  photoceram,  a  parameter  which  we  cannot  control  but  can  be  modified  by  the  photoceram  manufacturer. 
Third,  because  the  laser  is  used  in  the  exposure  step  and  not  for  material  removal,  there  is  no  laser-induced  residual 
stress  in  the  material,  or  more  importantly,  in  the  standing  microstructures  as  one  might  find  in  laser  ablation  patterning. 


Figure  5:  Expanded  view  of  the  integrated  supersonic  nozzle  region  for  the 
laser  patterned  and  baked  COSA  wafers.  The  nozzle  exit  port  is  1300  pm 
with  a  throat  dimension  of  470  pm.  The  nozzle  is  260  pm  deep. 


Figure  6:  Optical  microscope  image  of  a  section  of  the  plennum  wafer.  Left  image  after 
Bake  step,  Right  image  after  chemical  etch  treatment.  Holes  are  100  pm  in  diameter. 
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4.  Conclusions 

A  laser  volume  patterning  technique  has  been  applied  in  the  development  of  a  miniature  satellite  for  a  COSA  type 
mission.  Orbital  dynamics  simulations  show  that  a  100  gm  class  COSA  can  be  placed  in  an  observation  orbit  around  the 
host  vehicle.  The  laser  processing  technique  used  merges  the  best  aspects  of  both  LDW  and  batch  processing.  The 
LDW  is  used  only  to  expose  the  material  and  can  do  this  with  volumetric  precision,  while  the  batch  processing  steps, 
defined  by  the  bake  and  chemical  etching,  are  implemented  for  the  actual  material  removal  operation.  Key  to  this 
“merged”  processing  approach  is  the  material  which  can  be  photoactivated  at  low  laser  powers.  The  data  show  that 
nearly  75  hours  were  required  to  process  all  the  COSA  wafers.  Of  that  time  nearly  30  hours  were  relegated  to  the  serial 
LDW  operations.  If  a  higher  velocity  stepper  motors  (m/sec)  or  a  combination  of  multiple  galvanometric  pattern 
generator  systems  were  to  be  implemented,  it  should  be  possible  to  see  at  least  a  factor  of  30  reduction  in  the  exposure 
operations  to  just  one  hour.  This  30-fold  reduction  in  the  exposure  duration  cycle  would  also  require  a  concomitant 
increase  in  the  laser  power  by  a  factor  of  30.  Our  current  operational  power  levels  of  2  -  15  mW  would  have  to  increase 
to  60  -  900  mW  of  UV  laser  light.  Current  commercial  diode  pumped  solid  state  lasers  now  routinely  put  out  Watts  of 
UV  light.  Finally,  the  processing  approach,  as  implemented,  is  scalable  to  larger  size  COSA  vehicles  and  because  the 
substrate  material  is  fundamentally  a  glass,  it  could  be  preformed  to  any  shape  and  size  prior  to  laser  patterning. 

Current  COSA  development  is  continuing  with  a  Lucite™  mock-up  of  the  COSA  for  electronics  and  controls  testing.  A 
set  of  photoceram  wafers  have  been  fabricated.  The  first  prototype  COSA  vehicle  with  photoceram  wafers  will  use  a 
multilayer  printed  circuit  board  and  glass-to-glass  bonding  techniques  to  fuse  the  photoceram  wafers.  Further 
development  involves  electronics  integration  into  the  glass  with  conducting  lines  written  either  via  laser  direct  write 
chemical  vapor  deposition  or  via  a  variant  of  the  Laser  Plasma  Assisted  Ablation  (LIPAA)  technique9.  Larger  frame 
COSA  for  more  demanding  missions  are  in  design. 
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ABSTRACT 

Excimer  laser  micromachining  provides  a  flexible  means  for  the  manufacture  and  rapid  prototyping  of  miniaturised 
systems  such  as  Biofactory-on-a-Chip  devices.  Biofactories  are  miniaturised  diagnostic  devices  capable  of 
characterising,  manipulating,  separating  and  sorting  suspensions  of  particles  such  as  biological  cells.  Such  systems 
operate  by  exploiting  the  electrical  properties  of  microparticles  and  controlling  particle  movement  in  AC  non-uniform 
stationary  and  moving  electric  fields.  Applications  of  Biofactory  devices  are  diverse  and  include,  among  others,  the 
healthcare,  pharmaceutical,  chemical  processing,  environmental  monitoring  and  food  diagnostic  markets.  To  achieve 
such  characterisation  and  separation,  Biofactory  devices  employ  Laboratory-on-a-Chip  type  components  such  as 
complex  multilayer  microelectrode  arrays,  microfluidic  channels,  manifold  systems  and  on-chip  detection  systems. 
Here  we  discuss  the  manufacturing  requirements  of  Biofactory  devices  and  describe  the  use  of  different  excimer  laser 
micromachining  methods  both  in  stand-alone  processes  and  also  in  conjunction  with  conventional  fabrication  processes 
such  as  photolithography  and  thermal  moulding.  Particular  attention  is  given  to  the  production  of  large  area  multilayer 
microelectrode  arrays  and  the  manufacture  of  complex  cross-section  microfluidic  channel  systems  for  use  in  sample 
distribution  and  device  interfacing. 

Keywords:  Excimer,  Laser,  Micromachining,  Biofactory,  Laboratory-on-a-Chip 


INTRODUCTION 

In  recent  years  microfabricated  devices,  or  microsystems,  have  found  applications  in  areas  as  diverse  as  the  aerospace, 
automotive,  environmental,  healthcare,  pharmaceuticals,  chemical  processing,  biotechnological  and  food  industries.  A 
major  area  of  expansion  for  microsystems  technology  has  been  in  the  areas  of  chemical  and  biochemical  analysis  that 
play  a  routine  part  of  many  industries.  These  microsystems,  known  generally  as  Laboratory-on-a-Chip  devices,  offer 
many  advantages  over  conventional  laboratory  apparatus.  The  small  internal  volumes  of  such  devices  can  lead  to 
reduced  reagent  and  sample  costs  whilst  at  the  same  time  benefiting  from  faster  reaction  times.  In  addition,  the  small 
internal  dimensions  of  these  devices  allows  accurate  control  of  environmental  parameters  such  as  temperature  and 
pressure.  The  integrated  nature  of  Laboratory-on-a-Chip  devices  allows  multiple  processes  to  be  carried  out  within  a 
single  device  giving  rise  to  increased  ability  to  automate  complex  analytical  and  production  processes.  Whilst  a  single 
device  may  be  limited  in  the  reagent  volumes  it  can  process,  the  small  physical  dimensions  of  Laboratory-on-a-Chip 
devices  provide  the  possibility  of  employing  many  devices  operated  in  parallel  arrays  to  provide  the  production 
throughput  of  conventional  apparatus.  Additionally,  with  judicious  choices  of  construction  materials  and  manufacturing 
processes,  such  devices  can  also  offer  the  advantages  of  lost-cost,  single  use  disposable  units  to  ensure  process  quality 
control  and  to  eliminate  concerns  of  inter-process  contamination. 

Laboratory-on-a-Chip  devices  have  employed  a  wide  range  of  techniques  to  provide  on-chip  processing.  Many  of  these 
techniques  can  be  considered  as  macroscopic  technologies  that  are  miniaturized  to  provide  additional  functionality. 
Examples  of  such  devices  are  those  that  employ  techniques  such  as  capillary  electrophoresis  for  separations  or  labelling 
processes  for  identification.  In  these  devices  the  reduced  physical  dimensions  of  Laboratory-on-a-Chip  devices  allow,  in 
the  case  of  capillary  electrophoresis,  increased  separation  resolution  or,  for  labelling  methods,  increased  signal  to  noise 
ratios  during  detection.  An  increasingly  important  group  of  Laboratory-on-a-Chip  devices  are  those  that  employ 
processes  that  function  optimally  in  miniature  systems.  Biofactory-on-a-Chip  devices  are  an  exemplar  of  such  devices 
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and  are  capable  of  performing  a  wide  range  of  complex  diagnostic  tasks  in  a  single,  miniaturised,  low-cost  package. 
Such  devices  have  the  advantage  of  being  automated  systems  capable  of  the  rapid  analysis  of  small  volume  samples  and 
have  applications  in  the  fields  such  as  medical  and  single  cell  diagnostics,  chemical  detection,  water  quality  control  and 
food  analysis.  The  phenomena  utilised  in  Biofactory-on-a-Chip  devices  exploit  the  dielectric  properties  of  particles  and 
the  electric  field  induced  motion  caused  by  the  following  AC  electrokinetic  processes: 

(1)  Dielectrophoresis  (DEP),  the  translational  motion  induced  when  particles  are  exposed  to  stationary, 
non-uniform,  electric  fields. 

(2)  Electrorotation  (ROT),  the  rotational  motion  induced  in  particles  when  exposed  to  rotating  electric 
fields. 

(3)  Travelling  Wave  Dielectrophoresis  (TWD),  the  translational  motion  induced  when  particles  are 
exposed  to  travelling  electric  fields. 

For  these  AC  electrokinetic  phenomena  to  operate,  the  geometries  of  strong  AC  electric  fields  need  to  be  accurately 
controlled  over  dimensions  of  the  same  order  as  the  size  of  the  particles  to  be  processed.  The  combination  of  the 
required  electric  field  strengths  and  geometric  control  make  exploiting  such  phenomena  problematic  on  a  macroscopic 
scale.  The  background  theories  of  these  AC  electrokinetic  processes  and  perceived  biotechnological  applications  are 
described  elsewhere1'2.  Here,  we  discuss  the  design  and  manufacturing  issues  of  Biofactory  on-a-Chip  type  devices.  To 
illustrate  the  manufacturing  processes,  examples  have  been  taken  from  a  recently  completed  device  for  the  detection 
and  viability  analysis  of  parasites  known  to  contaminate  water  supplies. 


EXAMPLE  BIOFACTORY-ON-A-CHIP  DEVICE 


Central  to  the  Biofactory  concept  is  the  use  linear  arrays  of  electric  field  producing  electrodes  allowing  particles  to  be 
transported  around  Biofactory  devices  using  travelling  wave  dielectrophoresis3.  The  speed  and  direction  of  travel  is 
dependent  on  the  dielectric  properties  of  the  particles  and  the  suspending  medium  along  with  the  frequency  and  strength 
of  the  travelling  electric  field.  Figure  la  shows  an  illustration  of  the  multilayer  construction  of  such  electrode  arrays. 
Field  producing  electrodes  form  the  lowest  layer  and  are  partially  covered  with  a  thin  insulator.  The  insulator  is 
patterned  with  an  array  of  via  holes  that  expose  the  underlying  electrodes  in  defined  regions.  A  series  of  four  bus-bars 
form  the  top  layer  of  the  structure  and  are  positioned  to  allow  every  fourth  field-producing  electrode  to  be  connected 
together,  with  adjacent  field  producing  electrodes  being  connected  to  adjacent  bus-bars.  Energising  the 


(A) 


(B) 

Figure  1.  (A)  Illustration  of  multilayer  electrode  arrays  used  in  the  construction  of  Biofactory  devices.  (B)  A  multilayer 
electrode  array  for  the  transport  and  selective  trapping  of  particles  in  Biofactory  devices. 
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Bus-bars  with  quadrature  sinusoidal  voltages  produces  a  travelling  electric  field  along  the  length  of  the  electrode  array. 
The  use  of  a  multilayer  structure  for  such  electrodes  allows  arbitrary  length  electrode  arrays  to  be  constructed  whilst 
requiring  only  four  external  electrical  connections. 

Figure  2  shows  an  image  of  an  unencapsulated  example  Biofactory-on-a-Chip  device  for  the  detection  and  viability 
analysis  of  oocysts  of  the  water  borne  parasites  Cryptosporidium  parvum  and  Giardia  lamblia.  The  presence  of  such 
parasites,  even  in  very  low  concentrations,  in  drinking  water  has  led  to  outbreaks  of  human  infection  that  occurs  as  self- 
limiting  diarrhoea  in  healthy  adults  but  may  lead  to  death  in  infants  and  immuno  compromised  people.  Since  these 
oocysts  do  not  multiply  outside  their  hosts,  conventional  microbiological  procedures  are  not  applicable  for  their 
detection.  The  Biofactory  device  shown  in  figure  1  can  be  considered  in  two  sections.  The  first  section,  forming  the 
upper  half  of  figure  1,  is  an  array  of  external  electrical  connections  to  allow  control  of  the  Biofactory  device.  These 
connections  are  arranged  in  blocks  of  four  electrodes  allowing  the  individual  sections  of  the  device  to  energised 
independently  using  quadrature  sinusoidal  voltages.  The  nine  blocks  of  four  electrodes  signify  that  this  device  contains 
nine  independently  controllable  regions.  The  second  section  of  the  device  covers  the  lower  half  of  figure  1.  Here  a 
series  of  conveyor  tracks  can  be  seen  forming  a  network  of  analysis  tools.  A  raw  water  sample,  filtered  to  both  remove 
large  debris  and  concentrate  particulates  is  fed  into  inlet  port  A 1.  At  the  same  time,  a  sample  of  latex  beads  coated  in  an 
antibody  targeted  to  a  specific  microorganism  is  fed  into  inlet  port  A2.  Water  sample  particles  travel  along  TWD 
conveyor  electrode  arrays  or  ‘tracks’,  similar  to  B,  through  the  junction  structure,  C  and  arrive  at  a  dielectrophoretic 
particle  trap,  D.  Latex  beads  travel  along  conveyor  track,  B,  and  also  arrive  at  the  trap  D.  At  this  point,  antibodies  on  the 
latex  beads  will  react  with  any  of  their  targeted  microorganisms  if  present.  The  result  of  this  is  the  binding  of  latex 
beads  to  the  microorganism  to  form  a  complex  particle.  This  complex  particle  will  have  different  electrical  properties  to 
the  unreacted  microorganisms  and  so  will  move  along  conveyor  tracks  with  a  different  velocity.  Energising  the 
conveyor  track  to  the  right  of  the  dielectrophoretic  trap  causes  all  particles  to  move  along  the  track.  Energising  different 
junction  branches  within  the  device  allows  unreacted  latex  beads  to  be  directed  back  to  dielectrophoretic  trap  whilst 
unreacted  microorganisms  can  be  directed  to  one  of  the  outlet  ports  A3  or  A5.  Bead/microorganism  complexes  are 
directed  to  the  electrorotation  analysis  unit,  E,  where  the  microorganism  complexes  are  made  to  rotate  under  the 
influence  of  a  rotating  electric  field.  Observation  of  the  speed  and  direction  of  rotation  for  a  range  of  electric  field 
frequencies,  allows  microorganism  presence  and  viability  to  be  detected.  Finally,  analysed  complexes  can  be  removed 
from  the  device  through  outlet  port  A4.  Therefore,  through  the  appropriate  application  of  electric  fields  and  detection  of 
rotation,  it  is  a  simple  matter  to  enumerate  the  number  of  a  specific  organism  present  as  well  as  calculate  their  viability. 

Figure  2.  Image  of  an 
example  Biofactory-on-a-Chip 
device.  Six  key  elements  are 
employed  in  the  device. 

A  Inlet/outlet  ports. 

B  Travelling  wave 

dielectrophoresis  conveyor 
tracks. 

C  TWD  conveyor  track 
junctions. 

D  Dielectrophoretic  particle 
trap  units. 

E  Electrorotation  analysis 
units. 

F  External  electrical 
connection  contacts. 
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MATERIALS  AND  METHODS 


MATERIALS 

A  diverse  range  of  materials  has  been  used  for  the  fabrication  of  Laboratory-on-a-Chip  devices.  In  Biofactories,  the 
choice  of  materials  is  governed  by  the  device’s  application  area.  In  general,  Biofactories  are  intended  to  be  used  as  low- 
cost,  single  or  low  usage,  devices.  As  such,  chosen  materials  must  have  low  volume  costs  and  be  applicable  to  simple, 
inexpensive,  large  scale  manufacturing  processes.  Being  essentially  planar  devices,  Biofactories  are  fabricated  as  a 
series  of  thin  layers  on  a  supporting  substrate.  This  substrate  must  be  rigid  and  optically  clear  to  allow  observation  of 
processing  within  the  Biofactory.  In  current  work,  thin  glass  substrates  have  been  employed  although  it  is  also  possible 
to  use  transparent  polymers  such  as  polycarbonate  and  PMMA.  Microelectrode  arrays  within  Biofactoiy  devices  must 
be  capable  of  providing  controlled  electric  fields  in  a  diverse  range  of  sample  media.  Therefore,  electrode  arrays  are 
primarily  constructed  from  inert  metals  such  as  thin,  thermally  evaporated,  gold  films  typically  lOOnm  thick.  To  assist 
in  adhesion  to  different  substrates,  a  5nm  seed  layer  of  chrome  is  often  deposited  prior  to  gold  deposition4.  The 
insulating  material  used  between  the  field  producing  electrodes  and  bus-bars  in  multilayer  electrodes  is  a  critical  part  of 
Biofactory  devices.  Current  work  employs  a  series  of  different  insulators  depending  on  the  Biofactory  application.  For 
the  majority  of  devices,  polyimide  films  are  used  to  isolate  different  conducting  layers  within  devices.  These  films  are 
deposited  by  spin  coating  followed  by  a  series  of  patterning  and  baking  stages  to  produce  robust  isolating  layers.  Other 
Biofactory  devices  have  made  use  of  the  photosensitive  epoxy  resist  SU-8.  An  important  feature  of  SU-8  is  its  ability, 
under  correct  conditions,  to  produce  contact  type  bonds  between  layers  of  SU-85.  This  is  particularly  useful  when 
encapsulation  layers  are  fabricated  from  SU-8.  Encapsulation  layers  are  used  to  define  microfluidic  channels  over  the 
microelectrodes  arrays  and  so  confine  analysis  samples  to  defined  areas  of  the  Biofactory  devices.  A  wide  range  of 
materials  can  be  used  for  this  stage.  For  low-cost  development  work,  the  popular  mouldable  elastomer 
polydimethylsiloxane  (PDMS)  has  been  successfully  used.  For  untreated,  clean  surfaces,  PDMS  forms  a  weak, 
releasable,  bond  on  contact  with  materials  such  a  glass  and  so  allows  fluidic  distribution  systems  to  be  evaluated  on  a 
single  standard  electrode  array.  More  permanent  bonding  of  encapsulation  layers  has  employed  thermoplastic  polymers 
such  as  polycarbonate.  Fluidic  channel  structures  are  thermally  embossed  into  polymer  sheets  and  bonded  to  the 
electrode  bearing  substrate  using  a  range  of  adhesives.  The  advantage  of  such  encapsulation  layers  is  the  ability  to 
mould  external  inlet  and  outlet  ports  into  the  encapsulation  layer  allowing  easy  interconnection  with  other  laboratory 
equipment. 

EXCIMER  LASER  ABLATION 

A  key  factor  in  developing  Biofactory-on-a-Chip  technology  is  the  ability  to  employ  a  wide  range  of  low-cost 
production  processes  in  the  bulk  production  of  such  devices.  Examples  of  this  include  photolithography  for  the 
patterning  of  microelectrode  arrays  and  thermal  embossing  or  injection  moulding  for  the  production  of  encapsulation 
layers.  However,  in  the  design  stage  there  is  a  need  to  employ  flexible  microfabrication  processes  that  allow  rapid 
development  of  devices  whilst  interfacing  directly  with  final  production  processes.  Excimer  laser  ablation  and  laser 
based  micromachining  is  an  ideal  method  for  this  design  stage.  Thin  metal  films  can  be  patterned  directly  by  laser 
ablation  without  the  need  for  the  multistep  processes  of  mask  preparation,  resist  coating,  exposure,  developing,  etching 
and  resist  removal  involved  in  photolithography.  At  the  same  time,  to  interface  with  bulk  production  using 
photolithography,  an  excimer  laser  can  also  be  used  as  a  highly  controllable,  deep  ultra  violet  (UV)  light  source  for 
high-resolution  photolithographic  patterning.  In  addition,  excimer  lasers  are  ideal  for  the  accurate  patterning  of 
polymers  both  in  thin  film  form  and  as  bulk  materials.  In  this  way,  both  the  insulation  layers  used  in  multilayer 
electrodes  and  encapsulation  layers  used  to  control  sample  position  can  be  directly  machined  using  excimer  lasers. 

The  laser  system  used  for  this  work  was  an  Exitech  Series  8000  microfabrication  workstation  (Exitech  Ltd,  Oxford, 
UK)  incorporating  a  Lambda  Physik  Compex  1 10  excimer  laser  configurable  for  operation  at  either  248nm  or  193nm. 
In  this  system,  beam  delivery  optics  contain  beam  shaping  and  homogenisation  components  to  create  a  uniform 
intensity  beam  at  the  plane  of  a  mask  held  on  a  CNC  controlled  XY  stage.  The  double  6x6  (36  element)  homogeniser 
arrays  produced  a  12mm  x  12mm  uniform  illumination  at  the  mask  plane  with  an  intensity  variation  of  ±  5%  RMS.  A 
projection  lens  was  used  to  transfer  the  pattern  on  the  mask  to  a  workpiece  mounted  on  precision,  air-bearing,  XY 
stages.  The  demagnification  factors  of  the  projection  lenses  allow  low-resolution  mask  patterns  to  be  used  to  produce 
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high-resolution  structures  on  the  workpiece.  Demagnification  factors  of  4x,  lOx  and  30x  provided  workpiece  fluences 
of  1.5  Jem'2,  5  Jem'2  and  60  Jem'2  respectively. 

The  main  workpiece  XY  air-bearing  stages  (Aerotech  inc.  ATS80020)  employed  brushless  linear  servomotors  giving 
700mm  x  200mm  travel  with  lOOnm  resolution.  Mask  stages  (Aerotech  Inc.  ATS34030)  also  used  brushless  servo 
drives  to  give  300mm  x  300mm  travel  with  lOOnm  resolution.  Additional  stages  provided  workpiece  elevation  and 
rotation  control  at  similar  resolutions.  All  stages  were  controlled  through  standard  CNC  control  programming.  Stages 
and  beam  delivery  optics  were  mounted  in  a  single  enclosure  with  a  damped  frame  to  reduce  vibrational  coupling 
between  the  mask  and  workpiece  stage  sets.  To  reduce  errors  due  to  thermal  expansion  of  the  mechanical  systems,  the 
laser  machining  workstation  was  housed  in  a  temperature  controlled  (±  1°C)  semi-clean  environment. 

The  stages  of  the  laser  micromachining  workstation  were  controlled  by  two  PC-based  motion  controllers  (Aerotech  Inc. 
Unidex  500),  one  of  which  was  coupled  to  a  laser-firing  interface.  The  flexibility  of  this  control  system  allowed  the 
system  to  operate  in  one  of  two  modes.  Serial  write  mode  projected  the  beam  through  a  fixed  mask  aperture  and  moved 
the  workpiece  stages  to  serially  write  a  pattern  onto  a  workpiece  sample.  Control  of  stage  movement  was  achieved 
either  through  CNC  program  commands  or  directly  from  graphical  computer  design  files  using  a  CAD/CAM  software 
interface  (AlphaCAM,  Licom  Systems  Ltd  UK).  In  this  mode,  the  maximum  ablation  area  was  defined  by  the  beam 
width  and  the  write  rate  was  limited  by  the  laser  repetition  rate  (100  pulses  sec'1)  and  the  number  of  laser  pulses 
required  to  produce  the  pattern.  The  second  mode  of  operation  employed  the  synchronised  movement  of  both  mask  and 
workpiece  stage  sets.  In  this  scanning  mode,  large  area  mask  patterns  could  be  transferred  onto  a  workpiece  at  a  rate 
that  depended  mainly  on  the  number  of  laser  pulses  required  to  pattern  a  workpiece  area  equivalent  in  dimensions  to  the 
unapertured  beam. 

To  achieve  accurate  laser  machining,  high  quality  masks  were  required.  For  long-term,  frequent  use  applications  such  as 
beam  aperturing,  conventional  4”  chrome-on-quartz  plates  were  used.  These  were  commercially  produced  using 
electron  beam  based  lithography  and  could  sustain  mask  beam  fluences  of  up  to  0.1  Jem'2  without  damage.  Such  masks, 
whilst  providing  excellent  quality,  suffer  from  a  high  individual  cost  and  relatively  long  production  and  delivery  times. 
To  allow  rapid  development  of  Biofactory  concepts,  low-cost,  limited  lifetime,  masks  were  also  used  produced  using 
the  laser  mciromachining  workstation.  These  masks  exploited  the  fact  that  most  polymers  are  strong  absorbers  of  deep 
ultra  violet  radiation  at  248  nm  and  193  nm.  Masks  were  produced  by  spin  coating  a  quartz  plate  with  a  thin  layer  of 
photoresist  and  then  directly  ablating  the  resist  with  an  apertured  beam.  Mask  patterns  were  drawn  using  a  low-cost 
CAD  package  (Autosketch,  Autodesk  Inc.)  and  serial  laser  writing  of  the  mask  pattern  was  controlled  through  the 
CAD/CAM  interface  provided  by  AlphCAM.  Using  a  1pm  thick  resist  layer  (Shipley  1818)  these  masks  could  be 
patterned  at  a  resolution  of  0.8  pm.  Since  this  limitation  appeared  to  be  governed  by  the  resolution  of  the  projection  lens 
used  in  the  writing  process,  the  masks  produced,  when  placed  in  the  mask  stages,  allowed  the  system  to  operate  at  its 
full  resolution.  Resist  based  masks  were  capable  of  sustaining  higher  initial  beam  fluences  than  conventional  chrome 
masks.  However,  after  prolonged  use  at  fluences  greater  than  approximately  0.05  Jem"2,  gradual  degradation  of  the 
mask  pattern  was  observed.  Durability  of  the  masks  could  be  improved  by  adjusting  baking  the  resist  and  the  addition 
of  a  thin  evaporated  chrome  film  over  the  resist  prior  to  ablating  the  mask  pattern. 


BIOFACTORY  DEVELOPMENT 


MICROELECTRODE  ARRAYS 

Microelectrodes  are  essential  for  the  operation  of  any  Laboratory-on-a-Chip  device  employing  AC  electrokinetic 
processes.  In  Biofactory  devices,  the  movement,  separation  and  characterisation  of  biological  particles  is  achieved  using 
electrode  arrays  that  impart  travelling  wave  dielectrophoretic  or  electrorotational  movement  in  bioparticles.  An 
important  factor  to  note  is  that  in  Biofactory  devices,  particles  are  made  to  move  directly  rather  than  as  a  result  of 
general  fluid  motion.  To  produce  controlled  motion  of  particles  in  a  Biofactory  device  linear,  multilayer,  electrode 
arrays  that  form  travelling  wave  dielectrophoresis  conveyor  tracks  are  required.  An  example  travelling  wave  conveyor 
track  is  shown  in  figure  1.  Field  producing  electrodes  are  formed  on  the  first  layer  of  the  multilayer  structure  whilst  bus¬ 
bar  connecting  electrodes  are  fabricated  on  a  second,  insulating,  layer  with  interconnecting  via  holes  to  allow  every 
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fourth  electrode  to  be  connected  together.  Since  these  electrode  arrays  are  typically  used  to  create  AC  electric  fields  in 
conducting  aqueous  media,  and  hence,  in  total,  must  be  able  to  carry  up  to  100mA  of  electrical  current,  the  reliable 
production  of  such  arrays  poses  two  challenges.  First,  the  rapid  production  of  the  field  producing  electrodes,  typically 
10pm  in  width,  using  laser  micromachining  and  the  second,  the  production  of  reliable  interconnecting  via  holes  in  the 
insulating  layer. 

Several  methods  were  investigated  for  the  production  of  field  producing  electrodes.  The  first  of  these  was  direct,  single 
pulse,  ablation  of  thin,  evaporated,  chrome-gold  films  on  a  glass  substrate  using  scanning  mode  ablation  through  a  large 
area  mask6.  Using  a  wavelength  of  248nm  and  a  fluence  of  200  mJcm'2  electrode  structures  with  widths  >25pm  were 
successfully  produced.  However,  for  smaller  electrodes  with  widths  of  the  order  of  10pm,  poor  edge  quality  was 
observed.  The  laser  ablation  of  metal  films  is  a  complex  process  involving  a  combination  of  the  rapid  thermal  expansion 
and  melting  of  the  metal  film  and  a  shock  wave  associated  with  the  delivery  of  high  energies  in  the  short,  typically 
20ns,  laser  pulse.  In  the  case  of  fine  electrodes,  the  shock  wave  caused  the  lifting  of  the  thin  chrome-gold  metal  film 
from  the  glass  substrate.  To  provide  additional  mechanical  rigidity  to  the  metal  film  and  to  damp  shock  wave  effects,  a 
second  approach  was  to  coat  the  metal  film  with  a  thin,  baked,  polyimide  layer.  Electrodes  were  then  formed  by 
ablating  through  both  the  polyimide  and  the  gold  film  prior  to  the  chemical  removal  of  the  polyimide.  Using  this 
method,  improved  edge  definition  was  observed.  Figure  3  shows  a  series  of  5pm  wide  electrodes  on  a  glass  substrate 
produced  using  this  improved  direct  ablation  process. 


Also  visible  in  figure  3  is  a  significant  amount  of 
debris  caused  by  the  recasting  of  material  from  the 
ablation  process.  This  debris  is  an  undesirable  by¬ 
product  of  clearing  large  areas  of  unwanted 
metalisation.  This  form  of  debris  can  largely  be 
removed  by  rinsing  in  a  solvent  such  as  propanol.  A 
better  approach  to  high-resolution  electrode 
manufacture  is  to  avoid  debris  contamination  all 
together.  This  was  achieved  using  a  third  production 
technique  that  employed  the  excimer  laser 
workstation  as  a  deep  ultra  violet  exposure  source. 
In  this  case,  the  thin  chrome-gold  film  was  coated 
with  a  248nm  resist  (UV1II,  Chestech  Ltd  UK) 
which  was  exposed  using  synchronised  scanning  of 
the  mask  and  workpiece  stages  with  a  fluence  of 
15  mJcm  \  Following  development  of  the  resist  the 
exposed  gold  and  chrome  was  etched  to  produce 
high  quality  electrode  arrays.  Electrodes  produced 
using  this  process  achieved  a  resolution  of  1.25pm 
being  limited  by  the  optical  resolution  of  the  4x 
demagnification  projection  lens  used  to  transfer  the 
mask  pattern  to  the  workpiece. 

Having  established  a  reliable  method  of  producing  microelectrodes  capable  of  producing  strong  AC  electric  fields,  a 
method  for  producing  reliable  inter-layer  electrical  connections  was  investigated.  The  insulator  used  to  separate  the 
field  producing  electrodes  from  the  busbar  electrodes  was  a  spin  coatable  polyimide  (Dupont)  that  produced  a  3pm 
thick  film  over  the  electrodes.  Excimer  laser  ablation  has  the  ability  to  machine  a  wide  range  of  polymers  with  the  depth 
of  the  ablated  structure  being  controlled  by  the  fluence  of  the  beam  and  the  number  of  laser  pulses  received  by  the 
workpiece.  Therefore,  excimer  laser  ablation  can  be  used  to  produce  via  holes  only  with  careful  control  of  the 
machining  process.  Figure  4  shows  the  ablation  properties  of  a  3pm  polyimide  film.  The  ablation  depth  for  a  single 
laser  pulse  is  a  linear  function  of  the  beam  fluence.  Also  shown  in  figure  4  is  the  threshold  of  damage  for  a  thin  gold 
film  similar  to  that  used  in  Biofactory  electrode  arrays.  From  the  graph  it  can  be  seen  that  using  fluences  less  than 
180  mJcm  *  will  allow  the  polyimide  film  to  be  fully  ablated  whilst  preventing  any  damage  to  the  underlying  electrodes. 
In  this  work,  a  fluence  of  100  mJcrrr  was  chosen  to  minimise  the  chance  of  damaging  the  electrodes  through  either 


Figure  3.  An  example  of  laser  patterned  microelectrodes  for 
travelling  wave  dielectrophoresis. 
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ablation  or  thermal  stress  while  maintaining 
a  reasonable  rate  of  machining.  Under  such 
conditions,  via  holes  could  be  produced 
reliably  with  60  laser  pulses. 

Using  either  serial  writing  or  scanning 
machining  modes,  electrodes  via  hole 
arrays  were  produced  with  minimal 
recasting  of  debris.  The  excimer  laser 
ablation  machining  process  produced  via 
holes  with  sidewalls  angles  of 
approximately  20°  from  vertical.  However, 
experimental  evaluation  of  electrode  arrays 
fabricated  in  this  manner  revealed  an 
unacceptable  level  of  failed  or  unreliable 
via  hole  connections.  Following  electron 
beam  microscopy  investigation,  it  was 
Energy  Density  (mJ/cm  )  found  that,  due  to  the  near  vertical  nature  of 

the  sidewalls,  via  holes  appeared  to  be 
Figure  4.  The  ablation  characteristics  of  a  3  pm  thick  polyimide  film  receiving  poor  metal  coatings  during  the 

evaporation  of  the  bus-bar  connecting 
electrodes.  To  improve  the  metalisation,  the  sidewall  angle  of  the  via  holes  had  to  be  increased  in  a  controlled  manner 
to  around  70°.  To  achieve  this  sidewall  angle,  the  via  holes  were  machined  with  a  series  of  steps.  Having  produced  a 
normal  10pm  wide  via  hole  using  the  previously  described  method,  the  workpiece  was  moved  by  1.4pm  to  one  side  of 
the  via  hole  and  the  workpiece  was  exposed  to  a  further  8  laser  pulses.  Repeating  this  a  further  6  times  produced  a  wall 
profile  consisting  of  7  steps.  Due  to  the  20°  wall  angle,  these  steps  tended  to  merge  into  one  continuous  slope. 
Repeating  the  process  on  the  opposite  side  of  the  via  hole  produced  a  reliable  through  connection  between  bus-bars  and 
the  underlying  field  producing  electrodes.  Figure  5  shows  a  demonstration  via  hole  containing  4  sidewall  steps  on  the 
front  and  rear  walls  of  the  via  hole.  These  faces  correspond  to  the  direction  of  the  bus-bar  connecting  electrodes. 

FLUIDIC  CONTROL  AND  DISTIBUTION 


Microfluidic  channel  systems  form  an  important  role  in  the  encapsulation  of  Biofactory  devices.  In  general,  the  modular 
microelectrode  arrays  used  in  Biofactories  are  planar  structures,  confinement  of  a  sample  to  the  active  regions  of  these 
electrode  arrays  occurs  at  the  encapsulation  stage  through  the  use  of  fluidic  channels  formed  in  a  rigid,  optically 
transparent,  encapsulating  layer.  Fluidic  channel  systems  in  encapsulating  layers  have  been  formed  using  several 
processes  including  the  direct  serial  writing  of  channels  using  excimer  laser  ablation.  Since  fluid  motion  within 

Biofactory  devices  is  limited,  such  channels  can  be  of  simple 
rectangular  cross  section  without  the  concern  of  particle  trapping 
as  a  result  of  fluidic  flow  profiles.  However,  of  more  importance  is 
the  interconnection  of  Biofactory  devices  with  external  laboratory 
equipment.  In  general,  laboratory  fluidic  interconnection  employs 
circular  cross  section  tubing.  Therefore,  manifolding  components 
are  required  to  convert  circular  cross  section  inlet  and  outlet  ports 
to  rectangular  cross  section  channels  within  Biofactories.  In 
addition,  such  manifolds  may  also  be  required  for  the  distribution 
of  particle  suspensions  to  multiple  Biofactory  devices  on  a  single 
substrate.  To  allow  easy  interconnection  of  fluidic  components 
with  arbitrary  cross  sections,  a  process  for  laser  ablation  based 
micromachining  using  greyscale  or  grey  tone  masks  has  been 
developed. 


Figure  5.  A  demonstration  via  hole  with  4 
sidewall  steps  on  the  front  and  rear  walls. 


Conventional  laser  patterning  processes  make  use  of  ‘binary’ 
masks.  These  simple  masks  consist  of  regions  where  light  is  either 
folly  transmitted  through  the  mask  or  completely  blocked.  Since 
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the  mask  is  binary  in  nature,  all  exposed  regions  are  illuminated  with  the  same  fluence.  Therefore,  equal  amounts  of  the 
material  are  removed  in  all  illuminated  regions  and  the  mask  pattern  is  accurately  transferred.  Greyscale  masks,  as  the 
name  suggests,  permit  controlled  amounts  of  light  to  be  transmitted  allowing  a  workpiece  sample  to  be  exposed  to  a 
range  of  beam  fluences.  As  shown  in  figure  4,  above  a  threshold  of  ablation,  there  is  a  linear  relationship  between  the 
depth  of  ablation  and  the  beam  fluence.  Therefore,  spatially  controlling  the  fluence  at  a  workpiece  allows  the  direct 
transfer  of  three-dimensional  structures  in  a  simple  machining  step.  Figure  6  illustrates  this  concept.  Here  a  V-groove 
structure  is  to  be  produced  in  a  polymer  workpiece  sample.  Figure  6b  shows  the  energy  profile  required  to  produce  the 
V-groove  through  the  control  of  ablation  depth.  At  the  edges  of  the  groove,  no  illumination  occurs  whilst  at  the  centre 
of  the  groove,  the  material  is  fully  illuminated.  The  V-groove  walls  are  produced  using  a  linear  gradient  of  fluence  from 
the  ablation  threshold  to  100%  of  the  beam  fluence.  Figure  6c  shows  schematically  the  greyscale  mask  required  to 
produce  this  fluence  gradient.  Here  it  can  be  clearly  seen  that  zero  illumination  occurs  where  the  mask  is  black,  100% 
illumination  occurs  where  the  mask  is  clear  and  levels  of  grey  are  used  to  produce  a  the  controlled  fleunce  gradient. 


Figure  6.  An  illustration  of  the  function  of  a  greyscale  mask,  (a) 
The  structure  to  be  machined.  In  this  case  a  simple  V-groove  (b) 
The  exposure  fluence  required  to  create  the  V-groove  through  a 
single  ablation  process.  At  the  apex  of  the  groove  the  material  is 
fully  illuminated,  whilst  at  the  edges  of  the  groove  zero  exposure 
occurs.  A  linear  fluence  gradient  is  required  from  the  ablation 
threshold  to  full  illumination  to  create  the  linear  walls  to  the 
groove,  (c)  An  illustration  of  the  greyscale  mask  used  to  produce 
the  V-groove  structure.  Where  zero  illumination  is  required  the 
mask  is  black,  where  full  exposure  is  required  the  mask  is  clear. 
The  fluence  gradient  is  achieved  by  applying  a  dithering  process 
to  produce  a  reduction  in  the  mask  transmittance.  With  dither 
pattern  elements  much  smaller  in  size  than  the  smallest  feature 
resolvable  by  the  beam  delivery  optics,  a  smooth  wall  surface  is 
achieved. 


To  allow  low  cost  greyscale  based  laser 
micromachining,  greyscale  masks  need  to  be 
created  using  conventional  binary  mask 
technology.  This  can  be  achieved  using  binary 
dithering  techniques  similar  to  those  used  in 
printing  and  computer  graphics  applications.  The 
dithering  process  controls  the  average 
transmittance  of  the  mask  over  a  defined  unit 
area  by  using  a  series  of  dot  patterns  as  shown  in 
figure  7.  If  the  dimensions  of  the  unit  area  are 
below  the  maximum  resolution  of  the  beam 
delivery  optics,  the  individual  features  of  the 
unit  will  not  be  reproduced  but  instead  the 
ablation  depth  will  depend  on  the  average 
intensity  of  the  light  transmitted  through  each 
unit  of  the  mask.  The  expansion  of  the  computer 
graphics  industry  in  recent  years  has  lead  to  the 
publication  of  many  dithering  algorithms 
suitable  for  converting  between  desired  image 
intensity  and  binary  dot  patterns.  In  this  work, 
the  clustered  dot  ordered  dither  algorithm7  has 
been  used. 

Figure  7  illustrates  the  output  of  this  algorithm. 
In  summary,  each  mask  unit  area  is  subdivided 
into  an  n  x  n  grid.  The  algorithm  determines 
which  elements  of  this  grid  are  filled  and  which 
are  left  clear  with  particular  attention  being  paid 
to  the  connectivity  between  filled  elements  of 
the  grid.  A  filled  area  indicates  a  black  (zero 
transmittance)  region  of  the  mask  and  a  clear 
region  indicates  a  clear  (full  transmittance) 
region  of  the  mask.  In  the  case  of  Figure  7,  n  =  3 
resulting  in  10  discreet  grey  levels  in  the  mask. 
The  number  of  grey  levels  can  be  increased  by 
increasing  n.  Using  this  technique  with  a  binary 
mask  production  process,  the  number  of  grey 
levels  is  given  by  n2+l. 

Laser  greyscale  masks  for  this  work  were 
produced  in-house  either  using  a  standard 
photolithographic  process  or  using  the  resist 
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Figure  7.  An  illustration  of  the  output  of  the  clustered  dot  ordered 
dither  algorithm  used  to  produce  varying  transmittance  in 
greyscale  masks.  The  small  regions  of  the  mask  are  subdivided 
into  n  by  n  grids,  in  this  case  n= 3  leading  to  10  discreet  grey 
levels,  the  algorithm  determines  which  elements  of  the  grid  are 
filled  and  which  remain  clear.  In  the  algorithm,  particular 
attention  is  paid  to  the  connectivity  between  filled  elements  of  the 
grid. 


Figure  8.  Electron  micrograph  of  a  100pm  microfluidic 
manifold  moulding  tool  microfluidic  produced  in  SU-8  using 
greyscale  masking  techniques. 


mask  production  process  described  previously. 
In  both  cases  the  demagnification  factor  of  the 
projection  lens  allowed  mask  dither  features  to 
be  larger  than  the  optical  resolution  of  the 
projection  lens.  Optimum  greyscale 
reproduction  was  achieved  using  a  lOx 
projection  lens  with  a  resolution  of  0.8pm. 

Greyscale  laser  micromachining  has  been  used 
in  two  ways.  The  first  was  for  the  direct 
machining  of  channel  and  manifold  structures 
in  polymers  such  as  polycarbonate  and  PMMA. 
Here  manifolds  were  constructed  in  two 
symmetrical  halves  that  were  bonded  together 
using  either  adhesive,  solvent  or  thermal 
bonding  processes  to  form  a  complete 
manifold.  The  second  application  of  greyscale 
machining  was  the  fabrication  of  moulding 
tools  for  the  production  of  multiple  manifold 
systems  using  thermal  embossing  processes. 
Figure  8  shows  a  simple  manifold  moulding 
tool  produced  using  the  photosensitive  epoxy- 
based  resist  SU-8.  The  channel  structure  is 
shown  as  a  positive,  raised,  feature  in  the  tool. 
When  embossed  into  a  polymer  substrate  such 
as  polycarbonate,  the  tool  produces  a  half 
channel  which  can  be  solvent  bonded,  using 
ethylene  chloride,  to  a  matching  half  channel 
producing  a  full  channel  with  arbitrary 
symmetrical  cross  sectional  geometry.  It  is  of 
interest  to  note  in  figure  8  the  smooth  surface 
quality  of  the  semicircular  manifold  mould 
tool.  In  this  case,  the  inlet  side  of  the  manifold 
(top)  has  a  cross-sectional  area  twice  that  of  the 
outlet  channels  (bottom). 

Associated  with  fluidic  distribution  in 
Biofactory  devices  is  the  need  to  provide 
fluidic  isolation  of  portions  of  Biofactory 
devices.  This  is  achieved  through  the  use  of 
microfabricated  valve  devices  as  illustrated  in 
figure  9.  These  use  a  structure  similar  to  that 
proposed  by  Quake8.  The  sidewalls  and  floor  of 
a  microfluidic  channel  are  fabricated  in  a 
flexible,  easily  deformable,  material  such  as 
rubber  or  thin  PDMS.  Beneath  the  floor  of  the 


channel  is  a  second,  fluid  filled,  chamber  containing  a  thin  microelectrode  on  a  rigid,  glass,  substrate.  On  passing  a 
current  through  the  electrode,  heat  is  produced  which  causes  the  fluid  in  this  lower  chamber  to  expand.  The  separating 
layer  between  the  upper  channel  and  lower  chamber  is  graded  in  thickness  to  allow  controlled  deformation  of  the  floor 
of  the  upper  channel.  Pressure  from  the  expanding  fluid  in  the  lower  chamber  causes  the  floor  of  the  channel  to  extend 
until  it  completely  blocks  the  channel  so  providing  fluidic  isolation.  To  provide  a  strong  seal,  the  ceiling  of  the  upper 
channel  can  also  be  contoured  to  match  the  deformation  of  the  channel  floor.  The  use  of  flexible,  deformable,  materials 


makes  this  form  of  valving  ideal  for  use  with  particulate  suspensions.  Contouring  of  the  channel  floor  and  ceiling  can  be 
achieved  either  using  greyscale  masking  techniques  or  by  the  simple  machining  of  concentric  circles  increasing  the 
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Figure  9.  Laser  micromachined  membrane  valves.  (A)  The  floor  and  sidewalls  of  a  fluidic  channel  are  formed  from  a 
flexible  material  such  as  rubber  or  PDMS.  The  ceiling  of  the  fluidic  channel  contains  a  dome  structure.  Below  the 
flexible  floor  is  a  fluid  filled  chamber  containing  a  heater.  The  flexible  floor  has  a  graded  thickness  over  the  heater 
chamber.  On  energising  the  heater,  fluid  in  the  heater  chamber  expands  and  deforms  the  flexible  floor  of  the  upper 
channel  until  the  upper  channel  is  blocked.  Contouring  of  the  ceiling  of  the  upper  channel  allows  the  formation  of  a 
good  fluidic  seal.  (B)  A  close  up  image  of  the  thinned  deformable  floor.  Thinning  is  achieved  by  machining  concentric 
circles  of  decreasing  depth  in  the  floor  material  using  a  wavelength  of  193nm.  The  fluence  of  the  laser  beam 
determines  the  depth  of  ablation.  (C)  An  overall  view  of  a  microvalve  showing  the  inlet  to  outlet  channel  running  left 
to  right  with  the  heater  chamber  extending  to  the  lower  edge  of  the  image. 


depth  of  machining  with  reducing  circle  radii.  For  the  valve  shown  in  figure  9,  the  flexible  material  was  a  100pm  thick 
rubber  film  formulated  to  combine  strength  and  deformability.  Machining  used  a  serial  writing  mode  with  a  wavelength 
of  193nm.  A  200pm  aperture  mask  was  projected  through  a  lOx  demagnification  lens  to  provide  a  20pm  beam  at  the 
workpiece.  A  beam  fluence  of  1  Jem'2  was  used  with  the  depth  of  ablation  being  controlled  by  the  number  of  laser 
pulses  incident  per  unit  area  of  the  workpiece.  Figure  9b  and  9c  show  optical  micrographs  of  a  sample  valve  system. 
The  overall  thickness  of  the  device  is  approximately  200pm  with  a  diameter  of  200pm. 

EXTERNAL  FLUIDIC  INTERFACES 

The  success  of  many  miniaturised  Laboratory-on-a-Chip  systems  will  depend  on  their  ability  to  reliably  interface  with 
conventional,  larger,  laboratory  equipment.  Laser  micromachining  has  also  been  successfully  applied  to  the  creation  of 
microfluidic  interconnection  ports  for  Biofactory  devices.  Biofactory  devices  employ  low-pressure  fluid  flow  and  only 
at  the  time  samples  enter  or  leave  a  device.  Interconnection  ports  have  been  designed  to  allow  low  cost  single  or 
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Figure  10.  Micromoulding  for  external  fluidic  interconnects.  (A)  A  substrate  is  laser  micromachined  to  produce  a 
negative  mould  tool  of  the  final  PDMS  structure.  (B)  The  mould  tool  is  mounted  on  the  inverted  outer  casing  of 
the  inlet  port  component.  (C)  PDMS  is  poured  into  the  cavity  formed  by  the  tool  and  casing  until  the  PDMS 
reaches  the  level  of  the  upper  wall  of  the  casing.  (D)  When  set,  the  polymer  mould  tool  is  removed  and  the 
combined  casing  and  PDMS  structured  port  is  inverted  and  bonded  to  the  interconnection  region  of  a  Biofactory 
device. 


multiple  use  connections  suitable  for  use  in  automated  sample  distribution  equipment.  Such  equipment  typically  uses 
rigid  thin-walled  metal  tubing  to  deliver  known  volumes  of  a  sample  onto  analytical  tools  such  as  multi-well  plate 
arrays.  To  allow  these  systems  to  distribute  samples  to  Biofactory  devices,  interconnection  ports  must  be  able  to  accept 
and  form  a  seal  around  the  metal  tube.  Flexible,  mouldable  materials  such  as  PDMS9  are  ideal  for  this  purpose.  Figure 
10  illustrates  how  laser  micromachining  can  be  used  for  the  production  of  micromoulds  for  structuring  PDMS. 
Excimer  laser  ablation  based  micromachining  is  used  to  produce  a  negative  of  the  structure  to  be  imprinted  in  the 
PDMS.  In  this  case  the  structure  consists  of  a  vertical  pillar  with  a  cone-shaped  base.  The  mould  structure  is  then 
mounted  on  the  inverted  casing  of  the  interconnection  port  and  PDMS  in  a  liquid  state  is  poured  into  the  cavity  created 
from  the  mould  tool  and  casing.  The  PDMS  is  then  allowed  to  cure  before  the  mould  tool  is  removed.  The  PDMS  insert 
and  casing  can  then  be  inverted  and  bonded  to  the  interconnection  region  of  a  Biofactory  device. 

There  are  several  factors  to  be  considered  in  fabricating  the  Biofactory  interconnection  ports.  The  first  is  the  choice  of 
materials  for  the  mould  tool  and  outer  casing.  The  mould  tool  material  should  possess  low  adhesion  to  PDMS  in  its 
cured  form.  Experimentation  has  shown  that  the  epoxy  based  photoresist  SU-8  to  be  a  suitable  material  for  the  mould 
tool.  Conversely,  the  outer  casing  of  the  interconnection  port  should  have  good  adhesion  to  cured  PDMS.  This  allows  a 
firm  bond  between  the  casing  and  PDMS  insert  so  assisting  the  sealing  of  the  port  whilst  providing  mechanical  strength. 
The  design  of  the  mould  tool  is  also  critical  for  the  operation  of  the  interconnection  port.  The  cone  shaped  base  of  the 
tool  is  intended  to  provide  a  tapered  entrance  to  the  port  and  hence  assist  in  guiding  a  thin-walled  metal  tube  into  the 
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body  of  the  port.  The  diameter  of  this  cone  is  controlled  by  the  positioning  accuracy  of  the  automated  delivery  system 
and  the  flexibility  of  the  delivery  tube.  The  fluidic  seal  of  the  port  is  formed  by  the  compression  of  PDMS  onto  the 
outer  wall  of  the  delivery  tube  when  it  is  inserted  into  the  body  of  the  port.  Therefore,  the  diameter  of  the  pillar  of  the 
mould  tool  has  to  be  carefully  chosen  to  be  slightly  smaller  than  the  diameter  of  the  metal  tube  but  allowing  both  a  good 
seal  and  easy  insertion  and  removal.  A  secondary  factor  in  determining  the  diameter  of  the  pillar  is  the  composition  of 
the  PDMS  used  as  the  port  insert.  PDMS  is  a  two  part,  addition  curing,  clear  potting  compound.  Mixing  the  two  parts  in 
different  ratios  allowed  control  of  the  flexibility  of  the  cured  PDMS.  In  this  work,  a  range  of  mix  ratios  ranging  from 


Figure  11.  Illustration  of  a  single  use  interconnection 
port.  The  flared  exit  to  the  body  of  the  port  mates  with 
the  flared  end  of  a  sample  delivery  tube  to  lock  the 
delivery  tube  in  position. 


3:1  to  30:1  were  used  depending  on  the  width  and 
material  of  the  automated  delivery  tube.  PDMS  curing 
was  achieved  by  heating  the  sample  at  80°C  for  15 
minutes. 

In  the  case  of  the  interconnection  port  shown  in  figure 
lOd,  a  multiple  insertion  design  is  illustrated.  By 
employing  a  two  part  mould  tool  allowing  a  cone- 
shaped  entrance  and  exit  to  be  imprinted  in  the  PDMS 
insert,  a  single  use  interconnection  port  can  be 
fabricated.  The  design  of  such  a  port  is  shown  in  figure 
1 1 .  Here,  the  delivery  tube  possesses  a  flared  end  that 
matches  the  cone-shaped  exit  of  the  PDMS  insert. 
When  the  tube  is  inserted  into  the  port,  the  PDMS 
stretches  to  allow  the  tube  to  pass  along  the  body  of  the 
PDMS  insert.  When  fully  inserted,  the  flared  end  of  the 
tube  mates  with  the  flared  exit  of  the  PDMS  insert  to 
lock  the  tube  in  position.  In  this  construction,  any 
backpressure  created  within  the  Biofactory  device 
pushes  the  flared  end  against  the  bulk  of  the  PDMS 
and  increases  the  strength  of  the  fluidic  seal. 


CONCLUSIONS 

This  work  has  demonstrated  that  excimer  laser  ablation  based  micromachining  has  a  useful  role  to  play  in  the 
development  of  miniaturised  Laboratory-on-a-Chip  technologies  such  as  the  Biofactory  devices  described  here. 
Examples  have  been  presented  to  illustrate  the  use  of  excimer  lasers  in  the  fabrication  of  complex  multilayer 
microelectrode  arrays  allowing  electrokinetic  phenomena  such  as  travelling  wave  dielectrophoresis  to  be  exploited  in 
micro  devices.  Of  particular  importance  is  the  use  of  laser  micromachining  to  produce  accurately  profiled  electrical  via 
holes  in  multilayer  devices.  In  addition,  the  flexible  nature  of  laser  micromachining  has  been  demonstrated  through 
examples  of  fluidic  distribution  and  control  components  which  interface  with  larger  scale  production  processes  such  as 
thermal  embossing  and  injection  moulding.  This  work  has  culminated  in  the  production  of  a  fully  integrated 
miniaturised  Biofactory-on-a-Chip  device  for  the  analysis  of  water  borne  parasites  (figure  2). 
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ABSTRACT 

New  technical  approaches  in  biotechnology  call  for  fast,  cost  efficient  and  precise  patterning  techniques  in  order  to  realize 
first  polymeric  prototypes  in  a  small-scale  production.  For  this  purpose  a  new  promising  replication  procedure  was 
developed:  In  the  first  processing  step  UV-laser  radiation  is  used  for  direct  precision  patterning  of  chemically  stable 
polymer  bulk  material  such  as  PSU,  PEEK  and  PI.  In  the  second  processing  step  thin  metallic  layers  are  deposited  onto  the 
polymer  surface  ("protection  layer").  Finally,  in  the  third  processing  step  these  laser  generated  molds  are  used  for  replication 
of  PMMA  prototypes  via  UV-light  induced  reaction  injection  molding  (photomolding).  The  metallic  layers  on  the  polymeric 
surface  have  to  suppress  or  to  avoid  an  undesired  chemical  interaction  between  the  polymer  surface  and  the  MMA/PMMA 
resin  which  is  used  in  photomolding.  The  deposition  of  a  thin  Pt/Au  layer  system  leads  to  a  significant  increase  of  mold 
insert  lifetime  from  1-5  up  to  20  replication  cycles  for  structures  with  high  aspect  ratios.  Structures  with  aspect  ratios  of 
larger  than  10  can  be  achieved  with  a  minimal  lateral  dimension  of  about  6pm.  For  this  rapid  tooling  technique  the  actual 
impressive  technical  performances  compared  to  other  mold  insert  fabrication  techniques  will  be  presented  with  respect  to 
the  prototyping  of  microdevices  made  of  PMMA. 

Keywords:  rapid  fabrication  technologies,  micromolding,  mold  inserts,  laser  micromachining,  Excimer,  frequency 
quadrupled  Nd:YAG,  polymer,  photomolding  ' 


1.  INTRODUCTION 

In  the  macroscopic  world  different  “rapid“-technologies  like  Rapid  Prototyping,  Rapid  Manufacturing  or  Rapid  Tooling 
have  been  established  for  a  fast  prototype  or  molding  tool  development.  At  Forschungszentrum  Karlsruhe  GmbH  different 
micropatteming  techniques  are  established  either  to  realize  a  fast  fabrication  of  prototypes  via  direct  patterning,  or  to  enable 
a  large  scale  production  of  microcomponents  made  of  polymers,  metals  or  ceramics.  Best  optical  qualities  with  a  surface 
roughness  at  the  sidewalls  of  about  Ra<50  nm  and  high  aspect  ratios  up  to  650  are  obtained  with  patterns  produced  by 
LIGA  .  In  LIGA  the  patterning  of  the  polymer  surface  is  performed  with  synchrotron  radiation  as  illumination  source.  An 
alternative  LIGA  process  is  the  so  called  “poor-mans  LIGA”  in  which  Excimer  laser  ablation  of  polymers  is  used  instead  of 
synchrotron  illumination.  This  process  only  enables  small  aspect  ratios  and  a  surface  roughness  in  the  range  of  Ra=100  nm 
Via  electroforming,  polymer  structures  can  be  transferred  into  a  metallic  shape  (e.g.  nickel)  which  is  used  as  a  mold  insert  in 
replication  techniques  like  injection  molding  2  and  hot  embossing  3.  Micromilling  is  applied  for  the  fabrication  of  prototype 
structures  and  mold  inserts  using  profiled  cutting  tools  or  end-mills  °,  and  laser  micromachining  represents  a  versatile 
method  for  structuring  a  broad  range  of  materials.  Satisfying  the  need  for  smooth  surfaces  and,  if  necessary,  sloped  walls  for 
easy  replication,  mechanically  cut  and  laser  machined  structures  are  manufactured  and  replicated  by  hot  embossing  and 
injection  molding.  First  promising  results  have  been  achieved  by  combining  the  microfabrication  techniques,  e.g. 
mechanical  micromachining  and  LIGA  for  the  manufacture  of  an  optical  multi-fiber  connector,  demonstrating  clearly  that 
interdisciplinary  work  in  a  research  center  is  an  effective  way  of  realizing  complex  microstructures  and  applications 
For  applications  which  do  not  require  structural  details  typical  of  the  LIGA  technology  mechanical  microengineering  using 
micromilling  or  -cutting  devices  as  well  as  laser-assisted  micromachining  allows  a  cost  and  time  reduced  mold  insert 
fabrication.  The  state  of  the  art  of  the  laser  technology  concerning  the  fabrication  of  metallic  mold  inserts  was  described  in 
detail  .  In  this  paper  we  will  also  give  a  short  technical  update  of  the  new  capabilities  in  laser-assisted  fabrication  of 
metallic  mold  inserts  developed  at  Forschungszentrum  Karlsruhe  GmbH  (section  3.1). 

Excimer  laser  radiation  is  a  perfect  tool  for  the  patterning  of  polymers  with  excellent  surface  qualities.  Under  optimized 
laser  parameters  the  laser  patterned  areas  reveal  an  average  surface  roughness  of  about  100-200nm  or  better.  The 
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sidewall  of  patterned  structures  is  much  better.  Furthermore,  the  steepness  of  the  sidewalls  can  be  of  a  few  degrees  or  nearly 
zero.  This  excellent  properties  of  polymer  ablation  via  Excimer  laser  radiation  is  caused  by  a  homogenous  laser  intensity 
profile  as  well  as  by  the  nearly  “cold”  laser  ablation  of  polymers.  The  mechanism  of  polymer  ablation  can  be  described  in 
most  cases  as  a  combination  of  direct  bond  breaking  and  thermal  excitations.  For  high  absorbing  polymers  the  non-thermal 
processes  are  dominating  which  results  in  good  surface  qualities  during  laser  patterning  1 .  With  Excimer  laser  radiation 
aspect  ratios  up  to  40  are  realized  in  polymer  surfaces.  The  lateral  resolution  of  the  structures  is  in  the  micrometer  range. 

The  aim  of  this  contribution  is  to  realize  a  fast  production  (rapid  fabrication)  of  polymeric  prototypes  of  high  accuracy.  At 
the  start  of  product  development  only  a  small  number  of  prototypes  for  functional  testing  is  necessary.  Therefore,  several 
steps  of  redesign  and  subsequent  mold  insert  fabrication  will  follow.  If  the  functional  testing  leads  to  the  desired  results, 
then  the  final  metallic  mold  insert  for  a  large  scale  production  via  micro  injection  molding  should  be  fabricated.  If  there  is  a 
need  of  redesign,  then  an  additional  “processing  loop”  including  CAD/CAM,  laser  ablation  and  photomolding  will  be 
necessary  (see  figure  1): 

1 .  definition  of  an  initial  design  by  customer 

2.  fabrication  of  polymeric  mold  insert  with  initial  design  (rapid  tooling):  1-2  days 

3.  replication  in  PMMA  with  photomolding  (rapid  prototyping):  0.5  days 

4.  functional  testing  of  the  prototyped  microcomponents 

5.  redesign  with  subsequent  mold  insert  fabrication  and  repetition  of  previous  steps  until  final  design  achieved  followed 
by  mass  production  with  injection  molding  or  hot  embossing. 

The  need  of  a  fast  and  cheap  technology  for  the  fabrication  of  mold  inserts  arises.  Furthermore,  a  data  sheet  including 
information  about  accuracy,  aspect  ratio,  steepness,  surface  quality  and  ablation  rate  of  the  laser  fabricated  mold  insert  as 
well  as  a  first  cost-calculation  for  the  process  will  be  necessary.  A  fast  and  cheap  technology  may  be  the  laser-assisted 
patterning  of  polymeric  mold  inserts  which  will  be  discussed  in  this  paper.  Appropriate  polymers  are  good  absorbers  for  the 
used  248  nm  laser  wavelength,  and  furthermore,  the  polymers  have  to  be  chemical  stable  against  organic  solvents  and  the 
used  feedstock  material  (PMMA/MMA).  The  last  criteria  will  be  defined  as  lifetime  of  mold  inserts  expressed  as  maximum 
possible  number  of  replication  cycles  without  any  defects.  The  replication  of  polymeric  mold  inserts  is  performed  with  UV- 
light-induced  reaction  injection  molding  (photomolding)  process  (UV-RIM)  which  enables  a  fast  production  of  prototypes 
made  of  PMMA.  In  this  paper  we  focuse  onto  the  process  sequence  “laser  patterning”  and  “replication  via  photomolding” 
(dotted  area  in  figure  1).  The  aim  is  the  optimization  of  the  laser  assisted  fabrication  of  polymeric  mold  inserts  with  respect 
to  the  photomolding  technique.  After  each  processing  step  (laser  processing  and  photomolding)  a  quality  control  (q.c.)  is 
performed  in  order  to  identify  a  possible  process  trouble  or  to  optimize  the  particular  processing  steps.  The  process  control 
is  performed  ex-situ.  For  this  purpose  the  laser  machined  mold  inserts  as  well  as  the  parts  demolded  by  photomolding  are 
characterized  by  Scanning  Electron  Microscopy  (SEM)  and/or  with  3D  surface  imaging.  If  the  laser  patterned  surfaces 
reveal  a  derivation  of  the  initial  design,  then  the  process  of  laser  ablation  has  to  be  repeated  under  optimized  parameters.  If 
the  laser  patterned  mold  insert  matches  well  with  the  desired  design,  then  photomolding  can  be  performed.  The  demolded 
parts  are  characterized  concerning  aspect  ratio,  accuracy  and  surface  quality.  If  the  demolded  parts  reveal  a  significant 
difference  caused  by  the  photomolding  technique,  then  the  process  of  demolding  under  optimized  parameters  or  feedstock 
composition  has  to  be  performed. 

Main  application  fields  in  which  this  process  sequence  may  be  first  established  are  fluidic  and  bio-chip  technologies.  For 
example  Capillary-Electrophoresis  (CE>Chips  are  commercially  made  of  glass,  silicon  or  quartz  8.  They  are  used  in 
biological  and  chemical  analysis  for  the  handling  of  small  volumes  of  liquids  (10'9-10'12 1)  in  order  to  perform  separation  and 
detection  (p-TAS).  At  Forschungszentrum  Karlsruhe  GmbH  and  elsewhere  8  the  use  of  polymer  materials  instead  of  Si, 
glass  or  quartz  is  investigated,  because  polymers  can  easily  and  economically  be  replicated  in  micro  injection  molding 
techniques. 
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Figure  1:  Sequence  of  processing  steps  for  the  development  and  large  scale  production  of  microcomponents  with  functional  design  (q.c.: 
quality  control). 


2.  EXPERIMENTAL  PROCEDURE 

For  the  UV-laser-assisted  prototyping  of  CE-Chips  three  different  types  of  polymers  as  possible  materials  for  the  mold 
inserts  are  investigated:  polyetheretherketone  (PEEK),  polysulfone  (PSU)  and  polyimide  (PI).  These  materials  are  selected, 
because  they  are  chemically  stable  and  they  are  good  absorbers  for  KrF-Excimer  laser  radiation  (wavelength  248  nm)  as 
well  as  for  frequency  quadrupled  (4co)  Nd:YAG  laser  radiation  (wavelength  266  nm).  The  Excimer  laser  ablation  is 
performed  with  a  laser  micromachining  system  (Exitech  PS2000)  which  operates  with  a  Lambda  LPX  210i  as  radiation 
source.  Different  mask  techniques  are  used  in  order  to  obtain  the  desired  pattern:  Direct  optical  imaging  of  complex 
structures  or  motorized  masks  are  established.  Furthermore,  a  motorized  rotating  mask  is  used  which  enables  us  to  change 
complex  mask  structures  with  high  precision  and  without  stopping  the  ablation  process.  This  mask  technique  will  be  further 
used  for  the  patterning  of  large  complex  structures.  Up  to  40  different  masks  can  be  located  on  the  rotating  mask  system. 
Another  technical  option  is  the  use  of  a  motorized  aperture  mask:  The  CAD  data  can  be  directly  transmitted  into  the 
polymeric  surface.  The  aperture  consists  of  four  independent  shields  which  can  be  positioned  with  pm  accuracy.  This  is  a 
precise  processing  technique  for  the  fabrication  of  well  defined  groove  structures:  If  steep  walls  are  necessary  at  the  start 
and  at  the  end  of  a  groove,  then  this  can  be  realized  by  opening  a  closed  mask  (at  the  start)  and  closing  an  opened  mask  (at 
the  end)  which  has  to  be  synchronized  with  the  laser  pulses.  Another  geometry  which  is  possible  with  a  motorized  masks  is 
the  crossing  of  two  grooves  with  the  same  depth  in  the  groove  as  well  as  in  the  crossing  area.  Furthermore,  curved  grooves 
and  grooves  with  a  variation  of  cross  section  can  be  fabricated.  This  “flexible”  technology  is  a  scanning  technology  (laser 
direct  writing)  and  needs  no  additional  masks,  but  the  processing  time  may  be  long  compared  to  a  direct  optical  imaging  of 
a  large  mask  geometry. 

If  the  scanning  process  is  too  slow  because  of  the  small  laser  repetition  rate  (<100  Hz)  it  may  be  useful  to  establish  a  4(0 
Nd:YAG  laser  radiation  source  where  laser  repetition  rates  up  to  2000  Hz  are  possible.  This  could  cause  a  reduction  of 
processing  time  of  more  than  one  magnitude.  First  investigations  in  polymer  ablation  are  carried  out  with  a  PowerChip 
Nano  UV  (JDS  Uniphase)  with  a  pulse  width  of  about  400  ps  and  a  pulse  energy  of  about  10  pJ.  The  high  laser  fluences  of 
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>40  J/cm2  enables  polymer  ablation  as  well  as  ablation  and  drilling  of  glass,  steel  and  ceramics.  Because  of  the  small  pulse 
width  a  significant  reduction  of  thermal  contribution  in  the  ablation  processes  is  expected.  For  PC,  PSU,  PEEK  and  PI  first 
investigations  concerning  ablation  rate  and  surface  roughness  are  performed.  The  fabrication  of  first  polymeric  mold  inserts 
with  CE-Chip  design  are  carried  out. 


3.  LASER  MICROMACHINING 

3.1  Laser  processes  for  the  manufacturing  of  metallic  mold  inserts  -  state  of  the  art 

Alloy  steel  as  well  as  cemented  carbide  are  of  interest  for  laser  assisted  mold  insert  fabrication.  With  these  materials  we 
realize  a  new  kind  of  mold  inserts  which  can  endure  high  mechanical,  thermal  and  chemical  abrasions  during  injection 
molding  of  ceramics,  metals  and  composites.  The  main  challenges  are  to  produce  defect  free  and  smooth  surfaces  during 
laser  patterning  in  order  to  enable  micro  injection  molding.  A  significant  decrease  of  debris  was  obtained  via  laser-assisted 
patterning  of  hard  materials  such  as  cemented  carbide  with  frequency-tripled  Q-switch  Nd:YAG  (wavelength  355  nm)  and 
Q-switch  NdrYAG  (wavelength  1064  nm)  10.  But  the  surface  roughness  as  well  as  the  pore  formation  at  the  sidewalls 
disable  the  replication  of  micro-parts  via  micro  injection  molding  techniques. 

Alloy  steel  or  carbon  steel  are  not  as  hard  as  cemented  carbide  but  due  to  the  higher  ductility  mechanical  tensions  will 
decrease  more  during  injection  molding.  So  we  decided  to  take  effort  in  process  development  of  laser  micro  caving  (LMC). 
The  patterning  of  metallic  mold  inserts  via  LMC  enables  a  "clean"  patterning  process  with  only  a  small  amount  of  debris 
and  melt.  Surface  qualities  with  a  roughness  of  about  11^=200-300  nm  can  be  realized.  The  ablation  rates  are  in  the  range  of 
105-106  pm3/s.  Electropolishing  as  post-processing  step  enables  the  formation  of  curved  shapes  with  a  surface  roughness  of 
about  R,,= 100-200  nm.  Further  analytic  results  in  more  detail  concerning  ablation  mechanism  and  reaction  layers  were 
achieved  n.  Microstructures  composed  of  polymers  or  ceramic-composites  are  successfully  demolded  by  using  the  UV-RIM 
technique  with  aspect  ratios  up  to  10.  Fundamental  aspects  of  LMC  of  steel  bulk  materials  were  investigated  in  detail.  CE- 
Chips  made  of  PMMA  are  fabricated  and  their  functionality  is  demonstrated 6. 

The  actual  research  and  development  is  focused  on  the  technical  transfer  of  three  dimensional  shapes,  which  are  created  in 
CAD  modules,  into  the  technical  process  including  CAM,  process  strategy  and  laser  material  processing.  For  this  purpose 
the  desired  three  dimensional  geometry  is  created  in  a  3D-CAD  tool  (figure  2).  In  dependence  on  the  ablation  rate  per  laser 
scan  the  geometry  is  subdivided  into  layers  with  a  thickness  of  about  3-20  pm.  Each  of  the  layer  can  get  an  individual  filling 
strategy.  One  important  strategy  is  the  change  of  scanning  direction  after  each  layer.  The  value  of  the  angle  between  two 
scanning  directions  can  be  changed  as  desired.  The  change  of  scanning  direction  should  avoid  an  accumulation  of  scanning 
patterns.  Furthermore,  the  steepness  of  sidewalls  as  well  as  their  surface  quality  can  be  optimized  by  using  appropriate 
scanning  directions.  An  additional  process  strategy  is  the  choice  of  the  appropriate  scan  offset  which  is  in  the  range  of  5  and 
15  pm  for  an  optical  focus  diameter  of  about  20pm.  This  parameter  determines  the  average  surface  roughness  and  ablation 
depth  per  layer.  The  best  average  surface  roughness  without  any  post-processing  is  of  about  1^=200-300  nm  while  the 
ablation  rate  is  in  the  range  of  3-20  pm/layer. 

Furthermore,  the  processing  along  the  contours  within  one  layer  may  be  important  for  laser  microcaving  of  steel  surfaces.  In 
some  cases  it  is  useful  to  perform  a  separate  ablation-strategy  along  the  contour  of  a  shape.  Especially  for  CE-Chip  designs 
the  contour  has  to  be  patterned  much  more  frequently  than  the  rest  of  the  layer  in  order  to  get  an  improved  steepness  of  the 
sidewalls.  Up  to  now,  one  disadvantage  of  laser  microcaving  is  the  roundness  of  the  bottom  of  patterned  areas.  This  is 
mainly  caused  by  the  gaussian  intensity  profile  of  the  laser  beam  as  well  as  by  the  reduced  laser  beam  absorption  at  sloped 
contours.  To  overcome  this  problem  a  5  axis  position  stage  will  be  built  up  in  order  to  realize  a  high  precise  material 
processing  at  the  contours  for  different  incident  angles  of  the  laser  beam.  It  is  well  known,  that  this  technical  measure  leads 
to  a  significant  improvement  of  the  steepness  of  sidewalls  by  using  Q-switch  Nd:YAG  laser  radiation.  Even  undercuts  are 
possible,  which  are  not  desired  for  replication  techniques  but  which  may  be  useful  for  the  three-dimensional  patterning  of 
metallic  prototypes. 
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CAD-module  CAM-module 


Figure  2:  Diflferent  stages  of  prototype  fabrication:  initial  design  of  a  three  dimensional  part  (CAD-module):  individual  filling  strategy  for 
each  of  the  40  layers  (CAM-module);  laser  patterned  steel  substrate  X16CrNiSi25-20  (LMC)  and  demolded  part  made  of  PMMA 
(photomolding). 


2.2  New  technical  approach:  Rapid  tooling  of  polymeric  mold  inserts 

Excimer  laser  ablation  of  polymers  enables  the  formation  of  grooves  with  nearly  rectangular  cross  section.  This  effect  is 
caused  by  mainly  two  reasons:  1.  The  intensity  profile  of  the  laser  beam  is  nearly  rectangular;  2.  The  ablation  rate  is  nearly 
constant  above  the  threshold  of  laser  fluence  which  depends  on  the  material  in  each  case  n.  The  last  reason  causes  a 
constant  ablation  rate  also  in  the  region  near  the  sidewall,  where  the  incident  angle  of  the  laser  beam  differs  slightly  from 
90  (90  means  normal  incidence  of  the  laser  beam).  The  ablation  rate  depends  on  the  specific  material  and  is  in  general  in 
the  range  of  0.3-1  pm/pulse,  while  the  surface  roughness  in  the  patterned  area  may  be  of  about  Ra=T  00-200  nm.  A  further 
significant  advantage  of  Excimer  laser  processing  is  the  possibility  of  the  patterning  of  large  areas  per  one  laser  pulse 
(several  mm  /pulse)  compared  to  the  small  optical  focus  diameter  of  Nd:YAG  laser  radiation  (5-50pm).  This  means  that 
complex  and  large  mask  structures  can  be  directly  transferred  to  the  polymer  surface  via  an  optical  imaging.  Because  of 
these  properties  the  desire  for  polymeric  mold  inserts  was  bom.  Unfortunately  the  hardness  of  polymers  is  low  compared  to 
metallic  mold  inserts.  Furthermore,  polymers  may  react  with  the  ambient  air,  may  react  with  the  feedstock  material  or  may 
be  chemically  changed  because  of  elevated  temperatures.  These  aspects  may  strongly  influence  the  functionality  of  the 
polymeric  mold.  Therefore,  we  have  decided  to  investigate  the  rapid  tooling  of  polymeric  mold  inserts  only  for  the  small- 
scale  fabrication  of  prototypes.  For  further  decrease  of  total  processing  time  and  production  costs  during  product 
development  it  may  be  useful  to  establish  polymeric  mold  inserts  for  the  first  prototypes  n.  For  the  fast  fabrication  of 
polymeric  micro  parts  with  structures  of  high  aspect  ratio  a  new  promising  replication  procedure  is  investigated: 

1.  Polymer  bulk  material  is  patterned  by  UV-laser  radiation  (KrF-Excimer  or  4coNd:YAG) 

2.  Thin  metallic  films  are  deposited  onto  the  surface  of  the  polymeric  mold  insert 

3.  Finally,  replication  is  performed  via  photomolding/UV-RIM 

KrF-Excimer  laser  radiation  enables  the  3D  micro  structuring  of  a  large  number  of  polymers  with  high  accuracy  and  high 
aspect  ratios  up  to  40.  Because  of  a  possible  chemical  interaction  during  photomolding  between  the  feedstock  material 
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(resin)  and  the  polymeric  mold  we  decided  to  use  chemically  stable  polymer  materials  such  as  PSU,  PEEK  and  PI. 
Additionally,  we  investigate  the  improvement  of  mold  insert  lifetime  (number  of  defect-free  replications)  by  the  deposition 
of  thin  metallic  layers  onto  the  polymeric  surfaces. 

2.3  Patterning  of  PSU,  PEEK  and  PI  with  UV  laser  radiation 

2.3.1  Excimer 

The  ablation  process  is  mainly  influenced  by  the  laser  fluence  e.  The  etch  rate  as  function  of  laser  fluences  for  the  polymers 
PSU,  PEEk  and  PI  is  shown  in  figure  3.  It  is  obvious  for  PEEK  and  PSU  that  the  etch  rate  increases  linearly  with  increasing 
e  for  values  between  1  J/cm2  and  5  J/cm2.  PI  reveals  the  smallest  etch  rate  of  all  of  the  selected  polymers.  Furthermore,  the 
etch  rate  of  PI  as  function  of  e  reveals  three  regions  (see  figure  3)  which  can  be  referred  to  12: 

1.  (0.4  J/cm2  -  1.8  J/cm2)  saturated  Excimer  laser  absorption  with 

i?o=l(f-£0), 

a 

where  e0  denotes  a  characteristic  laser  fluence  usually  not  equal  to  the  threshold  laser  fluence  and  a  is  called  “effective 
absorption  coefficient”, 

2.  (1.8  J/cm2  -  3.0  J/cm2)  plume  attenuation  of  the  laser  intensity  which  final  results  in  a 

3.  (>  3.0  J/cm2)  saturated  ablation  rate. 

For  significant  smaller  laser  fluences  one  will  expect  a  further  region  referred  to  linear  Excimer  laser  absorption  which  can 
be  described  by  the  Beer's  absorption  law 12.  For  e  >3  J/cm2  the  ablation  rate  for  PI  tends  to  a  saturation.  For  applications  it 
is  suitable  to  work  within  this  third  region  in  order  to  guarantee  a  high  accuracy  in  structure  depth.  Small  variations  in  pulse 
energy  lead  to  no  significant  change  of  the  ablation  rate.  Furthermore,  it  is  observed  that  with  increasing  e  the  contours  of 
side  walls  become  more  rectangular.  For  example  the  inclination  angle  of  a  sidewall  in  PSU  decreases  from  17°  (e=l  J/cm2) 
down  to  6°  (8=5  J/cm2).  The  inclination  angle  for  PEEK  is  somewhat  smaller  (7°  for  e=2  J/cm2  and  5°  for  8=4  J/cm2).  At 
very  high  ablation  rates  a  slight  rounding  is  indicated  at  the  bottom  of  laser  patterned  walls.  With  increasing  8  a  decrease  of 
debris  formation  is  observed.  The  size  of  material  fragments  as  well  as  the  surface  roughness  of  the  side  walls  decrease 
significantly  with  increasing  8.  In  the  case  of  increasing  laser  pulse  number  N  an  enhanced  deposition  of  debris  is  observed 
and  the  size  of  ejected  material  fragments  increases.  Rounding  of  edges  on  the  ground  of  laser  patterned  grooves  occurs. 
This  effect  becomes  more  important  with  an  increasing  number  of  N. 


Figure  3:  Etch  rate  for  polysulfone  (PSU),  polyetheretherketone  (PEEK)  and  polyimide  (PI)  as  function  of  laser  fluences  (KrF-Exchner, 
wavelength  248  nm,  pulse  width  25  ns,  laser  repetition  rate  10  Hz,  number  of  laser  pulses  100) 

The  numerical  aperture  NA  of  the  objective  has  a  great  influence  on  the  cross  section  of  laser  patterned  trenches.  A 
rectangular  cross  section  is  achieved  with  numerical  apertures  under  0.25.  The  appropriate  slope  of  the  sidewalls  depends  on 
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a  suitable  laser  fluence  as  described  above.  High  numerical  apertures  cause  significant  roundings  on  the  patterned  ground.  In 
the  case  of  NA>0,4,  undercuts  of  the  sidewalls  and  rounded  edges  on  top  of  the  trenches  can  hardly  be  avoided.  Steep 
sidewalls  and  well  defined  contours  of  edges  are  required  for  the  fabrication  of  polymeric  mold  inserts.  For  this  purpose, 
objectives  with  NA=0, 10  are  used. 

The  wet-chemical  pre-treatment  of  the  polymer  and  the  processing  gas  was  an  important  aspect  for  an  improved  surface 
quality:  The  cleaning  of  PSU  and  PEEK  in  the  ultrasonic  bath  and  the  use  of  helium  as  process  gas  caused  a  drastic 
reduction  of  the  debris  formations.  Thus,  the  surface  roughness  could  be  reduced  to  ^<200  nm.  For  PSU  the  effect  of  wet- 
chemical  pre-treatment  is  very  significant  and  may  be  caused  by  a  penetration  of  organic  solvent  in  the  outer  polymer 
surface  6. 

The  best  attainable  surface  roughness  after  Excimer  laser  patterning  of  the  selected  polymers  is  in  the  range  of  1^=100- 
200  nm  for  PEEK  and  PSU.  For  PI  the  average  surface  roughness  is  significantly  lower  than  100  nm.  The  average 
roughness  for  PI  (figure  3,  region  3)  is  between  50  nm  and  60  nm  for  high  laser  fluences.  This  is  an  excellent  condition  for 
the  laser-assisted  fabrication  of  polymeric  mold  inserts  and  the  use  of  photomolding  as  replication  technique. 

2.3.2  Frequency  quadrupled  Nd:YAG 

Laser  patterning  of  polymers  with  4(0  Nd:YAG  Laser  radiation  is  performed  with  high  laser  fluences  (>40  J/cm2)  and  high 
repetition  rates  (1000  Hz).  The  ablation  depth  as  function  of  laser  pulse  number  is  determined  for  the  selected  chemically 
stable  polymers  (see  chapter  2)  as  well  as  for  polycarbonate  (figure  4).  It  is  obvious  that  the  laser  etch  rate  is  constant  for  all 
polymers  over  a  large  ablation  depth.  The  etch  rates  are  listed  in  table  1.  Furthermore,  the  curves  of  PSU,  PEEK  and  PI  in 
figure  4  reveal  nearly  the  same  slope  but  an  offset  is  indicated  which  leads  to  decreasing  ablation  depth  for  PSU  <  PEEK  < 
PI.  This  can  be  explained  by  a  change  of  etch  rate  within  the  first  50  laser  pulses.  After  50  laser  pulses  the  etch  rate  is  nearly 
constant  for  all  these  polymers,  while  for  a  laser  pulse  number  smaller  than  50  the  etch  rates  are  significantly  different 
between  these  polymers.  The  ablation  rate  for  PC  is  significantly  larger  than  these  of  the  other  polymers  for  all  laser  pulse 
numbers.  Furthermore,  it  has  to  be  pointed  out  that  the  surface  quality  is  the  best  for  the  polymer  with  the  largest  etch  rate, 
namely  PC.  The  surface  roughness  for  PC  varies  only  between  1^,= 140-400  nm  for  all  laser  pulse  numbers.  PI  reveals  the 
smallest  etch  rate  but  the  surface  roughness  varies  between  Ra=0.3-1.3  pm.  The  surface  roughness  largely  depends  on  the 
pulse  overlap  during  laser  scanning  as  well  as  on  the  optical  focus  diameter,  and  a  further  optimization  of  laser  parameters 
has  to  be  optimized  in  further  investigations.  The  debris  formation  is  significantly  reduced  for  all  polymers  compared  to  the 
polymer  ablation  with  Excimer  laser  radiation.  We  assume  that  this  is  caused  by  the  small  laser  pulse  width  of  400  ps  of  the 
4co  Nd:YAG  compared  to  25  ns  of  the  KrF-Excimer.  The  small  pulse  width  leads  to  a  significant  reduction  of  thermal 
contributions  during  ablation.  This  is  also  indicated  by  the  laser  structuring  of  test  structures  such  as  very  small  walls  with  a 
width  of  about  3-5  pm  and  a  height  of  about  100  pm. 
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Figure  4:  Ablation  depth  and  average  surface  roughness  as  function  of  laser  pulse  number  (4<o  Nd:YAG,  wavelength  266  nm.  pulse  width 
400  ps.  laser  repetition  rate  1000  Hz,  focal  length  75  mm)  for  polycarbonate  (PC),  polyetheretherketone  (PEEK),  polysulfone  (PSU)  and 
polyimide  (PI). 
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laser  pulse 

PC 

PSU 

PEEK 

PI 

number  N 

>50 

1.00  pm/pulse 

0.78  pm/pulse 

0.75  pm/pulse 

0.74  pm/pulse 

20 

1.48  pm/pulse 

1.46  pm/pulse 

0.99  pm/pulse 

0.55  pm/pulse 

Table  1:  Etch  rates  for  polycarbonate  (PC),  polyetheretherketone  (PEEK),  polysulfone  (PSU)  and  polyimide  (PI)  (4©Nd:YAG, 
wavelength  266  nm,  pulse  width  400  ps,  laser  repetition  rate  1000  Hz,  focal  length  75  mm)  determined  by  the  slope  of  the  linear  graphs  in 
figure  4  as  well  as  calculated  for  the  first  20  pulses. 


4.  LIGHT  INDUCED  REACTION  INJECTION  MOLDING  (PHOTOMOLDING) 

Micro  injection  molding  as  well  as  hot  embossing  are  established  microfabrication  techniques,  the  first  one  suitable  for  mid 
and  large  scale  fabrication  and  the  latter  one  of  small-scale  fabrication  and  with  some  restrictions  for  prototyping.  The 
installation  of  a  mold  insert  and  the  establishing  of  a  stable  and  defect-free  molding  process  with  optimized  parameters  is 
time  consuming  for  injection  molding  and  for  hot  embossing.  It  takes  up  to  one  day  in  each  case.  In  micro  injection  molding 
the  molding  cycle  times  are  short  (depending  on  the  used  plastic  material  and  aspect  ratio  of  the  surface  relief:  2  up  to  8 
min)  but  the  setup  and  optimization  times  can  be  quite  extensive,  in  case  of  hot  embossing  typical  cycle  times  are  10  up  to 
30  min  but  accompanied  by  reduced  setup  and  optimization  times  down  to  some  hours.  The  cycle  time  is  mainly  determined 
by  the  molding  tool’s  heating  and  cooling  procedure,  the  setup  time  by  the  more  or  less  tool  complexity.  As  a  consequence 
the  light  induced  reaction  molding  was  developed  using  the  rapid  UV  curing  instead  of  the  slow  thermal  curing  of  reactive 
resins.  In  analogy  to  stereolithography  low  viscous  photocurable  resins  contains  methylmethacrylates  or  unsaturated 
polyesters  (UP)  and  the  related  monomer  (MMA  or  styrene)  are  used  as  mold  material.  In  opposite  to  stereolithography  a 
real  3D  shape  cannot  be  realized  because  of  the  use  of  a  mold  insert  as  master  containing  the  microstructures  on  the  surface. 
In  order  to  keep  the  compatibility  with  the  other  micro  replication  techniques  the  geometric  size  of  the  mold  insert  cavities 
was  adapted  from  micro  injection  molding  and  hot  embossing.  The  experimental  replication  setup  is  similar  to  a  typical 
reaction  injection  molding  equipment  but  had  to  be  extended  with  the  technical  necessities  for  photocuring.  The  replication 
machinery  consist  only  of  a  few  parts:  lower  borosilicate  glass  molding  tool  facing  the  UV/Vis  source,  upper  molding  tool 
with  mold  inserts,  ejector  pins  for  demolding,  connectors  to  a  vacuum  pump  and  external  temperature  control  as  well  as  the 
reactive  resin  reservoir  (figure  5).  The  complete  molding  cycle  proceeds  isothermally  under  ambient  conditions.  The  cycle 
time  is  independent  from  the  microstructure’s  aspect  ratio  and  determined  by  the  photocuring  speed  of  1  min  per  mm  mold 
thickness  in  the  given  setup.  In  case  of  full  process  automatization  cycle  times  around  1  minute  should  be  possible.  The  total 
setup  time  including  the  fitting  of  two  mold  inserts  is  smaller  than  30  minutes.  One  molding  cycle  consist  of  the  following 
five  process  steps: 


1 .  Closing  of  the  molding  tool 

2.  Evacuation  of  the  mold  cavities 

3.  Low  pressure  resin  injection  (<  1  MPa) 

4.  Photocuring  with  applied  holding  pressure 

5.  Mold  opening  and  part  removal 
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Figure  5:  Photomolding  machinery,  top  view  on  upper  molding  tool  carrying  two  metallic  mold  inserts  and  surface  image  of  a  metallic 
mold  insert  carrying  annular  gear  wheal  system. 

Due  to  the  rapid  setup  and  curing  times  it  is  possible  to  obtain  first  prototypes  made  of  PMMA  within  one  hour.  The  actual 
technical  limits  of  the  photomolding  replication  technique  using  pure  polymeric  resins  are:  smallest  structural  detail: 
200  nm,  largest  aspect  ratio:  10  (free  standing  walls,  height  400  pm,  width  40  pm)  and  20  (small  trenches,  height  2  mm, 
width  0. 1  mm)  respectively,  given  by  the  accessible  mold  inserts.  More  experimental  details  are  given  in  14,15. 


5.  POLYMERIC  MOLD  INSERTS  AND  DEMOLDED  PARTS  MADE  OF  PMMA 

The  first  demolding  experiments  reveal  that  the  necessity  of  a  protection  layer  for  the  mold  inserts  still  arises  (table  2):  The 
surface  volume  of  the  polymeric  mold  inserts  made  of  PSU,  PEEK  and  PI  increases.  Therefore,  an  undercut  may  arise  and 
the  replication  process  via  photomolding  will  be  only  possible  for  1-5  replication  cycles.  The  best  results  without  protection 
layer  reveals  PI  with  5  cycles.  The  effect  of  increasing  volume  and  reduced  mold  insert  lifetime  may  be  caused  by  a 
penetration  of  the  resin  or  monomer  in  the  outer  surface  of  the  polymeric  mold.  We  assume  that  the  penetration  depth  may 
be  in  the  range  of  several  pm.  A  replication  of  micro-sized  structures  with  high  aspect  ratio  was  only  possible  for  one  or  two 
replication  cycles.  Aspect  ratios  of  about  6.6  were  achieved  with  a  structure  width  of  the  walls  of  about  10  pm. 

First  investigations  were  performed  with  a  Pt/Au  layer  system  with  a  thickness  of  about  several  ten  nm.  With  these 
protection  metallic  layers  the  number  of  possible  replication  cycles  increases.  But  after  several  replication  cycles,  a  reaction 
between  resin  and  the  polymeric  mold  inserts  still  occurs.  This  finally  leads  to  a  destruction  of  the  mold  insert.  In  the  case  of 
PSU  and  PEEK  only  3  and  5  cycles  are  possible  (table  2).  In  the  case  of  mold  inserts  made  of  PI  the  protection  layer  leads  to 
a  significant  increase  of  lifetime.  We  assume  that  the  main  problem  is  still  a  small  adhesion  of  the  metallic  layer.  This 
assumption  is  supported  by  the  fact  that  repetition  of  metallic  film  deposition  after  several  demolding  cycles  leads  to  a 
significant  increased  mold  insert  lifetime.  Because  of  chemical  interaction  between  polymeric  mold  insert  and  the 
monomers  used  in  photomolding  it  is  useful  to  protect  the  mold  insert  surface  with  thin  metal  films.  Future  work  will  be 
concerned  with  further  improvement  of  the  thin  film  adhesion  onto  the  polymeric  mold  inserts. 


PSU 

PEEK 

PI 

Lifetime 

(number  of  defect-free 
replications) 

without 

with 

without 

with 

without 

with 

protection  layer 

protection  layer 

protection  layer 

1 

3 

3 

5 

4 

>20 

Table  2:  Lifetime  of  polymeric  mold  inserts  with  and  without  protective  metallic  layer. 

In  the  first  investigations  different  test  structures  with  high  aspect  ratio  and  small  structure  size  are  patterned  with  Excimer 
laser  radiation  in  order  to  develop  the  process  parameters,  to  demonstrate  the  possibilities  (compared  to  conventional 
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Figure  6:  Mold  insert  made  of  PI  (left)  and  demolded  part  made  of  PMMA  (middle,  right)  with  a  test  design  “array  of  columns”  (KrF- 
Excimer,  laser  fluence  2.5  J/cm2,  repetition  ratelO  Hz,  number  of  laser  pulses  N=135,  depth  of  drilled  holes  61  pm) 

Excimer  laser  patterning  of  grooves  in  PI  leads  to  well  defined  and  rectangular  walls  made  of  PMMA  after  replication 
(figure  7).  The  thickness  of  the  demolded  walls  is  10  pm  and  the  aspect  ratio  is  of  about  10.  Laser  patterning  of  polymeric 
mold  inserts  with  Excimer  laser  radiation  can  be  performed  either  via  laser  scanning  of  a  flexible  mask  aperture  or  via  laser 
illumination  of  complex  mask  structures.  In  the  latter  case  the  quality  of  the  used  illumination  mask  defines  the  quality  of 
the  demolded  part.  We  have  used  laser  cut  steel  foils  as  mask  structures.  Laser  cutting  of  steel  foil  induces  small  ripple 
structures  in  the  cutting  trenches,  which  can  be  recognized  in  the  micro-sized  ripple  structure  of  the  side-walls  in  demolded 
parts.  For  further  decrease  of  roughness  at  the  side-walls  the  use  of  lithographic  chromium-quartz  masks  will  be  necessary. 


patterning  techniques  such  as  micromilling)  and  to  select  the  appropriate  polymer  material.  Because  of  the  increased 
lifetime  of  PI  and  the  good  ablation  properties  concerning  constant  ablation  rate  (figure  3)  and  small  surface  roughness 
(Ra<.  100  nm)  we  decided  to  use  PI  as  material  for  the  mold  inserts.  Figure  6  shows  the  mold  insert  and  demolded  PMMA 
part  with  an  array  of  columns  with  a  diameter  of  8pm  and  a  height  of  about  61  pm.  The  smallest  distance  we  have  realized 
between  two  columns  is  6  pm  by  a  column  height  of  about  190  pm.  This  example  shows  that  the  surface  quality  of  laser 
patterned  PI  is  good  enough  for  the  replication  of  structures  with  high  aspect  ratio  and  large  surface  area. 


Figure  7:  Mold  insert  made  of  PI  (left)  and  molded  part  made  of  PMMA  (right)  with  a  test  design  “array  of  walls”  (KrF-Excimer,  laser 
fluence  2.5  J/cm2,  repetition  ratelO  Hz,  number  of  laser  pulses  N=225,  depth  of  grooves  100  pm) 

The  next  two  examples  show  mold  inserts  made  of  PI  which  are  patterned  with  the  aid  of  4co  Nd:YAG  laser  radiation.  The 
first  example  (figure  8)  reveals  the  design  of  an  internal  rotor  of  a  micro  annular  gear  pump.  This  component  has  a  height  of 
about  430  tun  which  is  suitable  for  the  desired  application  in  gear  pumps.  It  is  obvious  that  the  very  good  quality  of  the 
sidewalls  enables  the  demolding  of  such  adepth  structure.  The  surface  quality  of  the  bottom  of  the  laser  patterned  area  is 
influenced  by  the  small  laser  focus  diameter  as  well  as  by  the  gaussian  intensity  profile  of  the  4to  Nd:YAG.  The  shape  and 
roughness  of  the  “microstructure“  at  the  bottom  also  depends  on  laser  pulse  overlap.  In  this  example  the  pulse  to  pulse 
distance  is  1  pm.  The  laser  patterning  is  not  carried  out  with  a  synchronization  of  laser  repetition  rate  and  x,y-stage 
movement.  This  may  lead  to  a  significant  increase  of  ablation  depth  at  the  edges  of  a  pattern,  and  a  usage  as  mold  insert  may 
be  restricted.  The  contour  of  the  molded  part  in  figure  8  reveals  a  kind  of  bur  which  is  caused  by  this  non-synchronization. 
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Figure  8.  Mold  insert  made  of  PI  (left)  and  molded  part  made  of  PMMA  (right)  with  a  design  from  an  internal  rotor  of  a  micro  annular 
gear  pump:  structure  height  430  pm  (4<o  Nd:YAG,  repetition  rate  1000  Hz,  scan  offset  5  pm) ,6. 

The  second  example  (figure  9)  reveals  a  Capillary-Electrophoresis  (CE)-Chip  design  with  a  height  of  about  40  pm.  The 
special  requirement  of  this  design  is  the  large  area  which  has  to  be  patterned  via  scanning  of  the  laser  beam.  With  respect  to 
the  processing  time,  large  areas  (>  10  mm  x  10  mm)  should  only  be  patterned  with  4coNd:YAG  laser  radiation,  if  the  depth 
of  the  structures  is  significantly  smaller  than  100  pm.  In  the  case  of  the  CE-Chip  design  it  may  be  more  reasonable  to 
fabricate  the  prototypes  directly  via  UV  laser  ablation  of  polymers  or  to  use  LMC  (see  chapter  3.1)  for  the  patterning  of 
metallic  mold  inserts  6. 


Figure  9.  Mold  insert  made  of  PI  with  CE-Chip  design.  Left:  Overview  of  long  separation  capillary  and  small  injection/waste  capillaries 
with  inlet  reservoirs.  Middle:  Cross  area  of  injection  (from  left)  and  separation  capillaries  (from  below),  structure  height  40  pm  (4o) 
Nd:YAG,  repetition  rate  1000  Hz,  scan  offset  10  pm).  Right:  Molded  part  made  of  PMMA. 


6.  CONCLUSION  &  OUTLOOK 

A  new  technical  approach  for  the  fabrication  of  first  prototypes  with  high  aspect  ratios  by  using  polymeric  mold  inserts  is 
presented  with  respect  to  photomolding  as  replication  technique.  The  total  processing  time  starting  from  the  CAD-data  until 
the  production  of  the  first  prototypes  can  be  reduced  to  two  days,  laser  processing  of  polymer  mold  inserts  (1.5  days)  and 
replication  via  photomolding  (0.5  days)  included.  Future  investigations  will  be  focused  on  the  following  aspects: 

Further  improvement  of  the  thin  film  adhesion  onto  the  polymeric  mold  inserts  in  order  to  improve  the  lifetime  of  the 
polymeric  mold  inserts 

-  Use  of  lithographic  chromium-quartz  masks  and/or  motorized  mask  systems  for  the  patterning  of  polymeric  mold 
inserts  with  Excimer  laser  radiation 

Synchronization  of  laser  repetition  rate  (4co  Nd:YAG)  and  x,y-stage  movement  in  order  to  avoid  depth  variations  at  the 
contours 

Changing  of  the  gaussian  intensity  profile  to  a  nearly  rectangular  profile  via  special  masks  and/or  optics  in  order  to 
improve  the  accuracy  and  reproducibility  of  the  ablation  process  with  4coNd:YAG 


-  Characterisation  of  the  molded  polymer  modules  concerning  geometrical,  physical  and  chemical  properties  which  is 
necessary  for  bio-analytic  applications 

Further  prototype  molding  using  highly  filled  composite  systems  and  fabrication  of  ceramic  and  metal  prototypes 
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ABSTRACT 

Bimetallic  thermal  resist  Bi/In  has  shown  many  applications  in  the  areas  of  microfabrication,  photomasks  and  data 
storage.  Optical  modeling  shows  that  this  class  of  thermal  resists  is  wavelength  invariant,  and  Bi/In  can  perform 
even  better  at  13.4  nm  than  at  248  nm  due  to  the  increase  of  absorption  and  the  reduction  of  reflection.  Images  were 
successfully  made  on  Bi/In  films  with  both  proximity  (0.5  mm)  and  projection  exposures  with  Nd-YAG  laser 
running  at  2  harmonic  wavelength.  A  new  kind  of  developing  solution  (Ha:H202:H20=l:l:48)  used  at  room 
temperature  was  found  to  be  more  effective  in  descumming  than  nitric  acetic  acid  solution.  Both  have  the  etching 
selectivity  of  unexposed  area  to  exposed  area  >60:1.  Developed  Bi/In  resist  shows  good  conductivity,  which  can  be 
used  as  both  a  metal  plating  masking  and  seeding  layer.  2  to  10  pm  wide  Cu  and  Ni  lines  and  squares  were 
successfully  plated  on  the  developed  Bi/In  patterns  on  glass  slides  and  silicon  wafers.  Shelf  test  shows  that  the 
properties  of  Bi/In  film  do  not  change  after  being  kept  in  a  humid  temperature-lifted  environment  for  10  days.  Large 
optica]  transmission  changes  (OD>3.5  before  laser  exposure  and  <0.3  after  exposure)  indicate  Bi/In  can  be  used  for 
direct-wnte  photomasks  and  data  storage  media.  Heat-treatment  enhances  the  OD  exposed/unexposed  OD  change. 

Keywords:  Microlithography,  Thermal  Resist,  Inorganic  photoresist,  Cu  plating,  photomask. 


1.  INTRODUCTION 

Currently  microfabrication  photolithography  is  dominated  by  the  use  of  organic  based  photoresists.  However, 
as  the  movement  to  shorter  wavelength  (<157  nm)  exposures  continues  organic  resists  have  presented  problems 
connected  with  the  extreme  short  absorption  depth  of  the  light.  Furthermore  organic  photoresists  have  always 
involved  many  wet  processes  (application,  development,  and  cleans)  at  a  time  when  most  other  microfabrication 
processes  are  driven  towards  dry  processes. 

An  alternative  is  to  consider  inorganic  based  resist  processes.  In  recent  research  [1]  a  bimetallic  inorganic  resist 
was  investigated  that  operates  by  thermal  changes  induced  by  the  optical  exposure  of  modem  Excimer  laser  short 
pulse  (4-20  nanosecond)  exposure  systems.  The  exposure  energy  in  these  laser  pulses  creates  sufficient  temperature 
increases  that  thermally  activated  processes  can  be  considered.  This  opens  a  whole  class  of  resists  with  many 
interesting  properties  that  extend  beyond  regular  resist  applications. 

Inorganic  dry  thermal  resists  have  shown  several  potential  advantages  over  current  organic  spin-on  photo 
resists.  First,  inorganic  resists  can  be  deposited  by  a  number  of  dry  processes,  for  example  Physical  Vapour 
Deposition  (PVD)  and  Chemical  Vapour  Deposition  (CVD),  and  are  compliant  with  vacuum  based  all-dry 
lithography.  Secondly  conventional  organic  photoresists  are  spin-coated  on  substrates  generating  many  problems, 
such  as  edge  bead  formation,  coating  on  backside  edge.  These  issues  will  negatively  affect  the  subsequent  processes 
causing  problems  such  as  high  particle  counts,  contaminations.  Thirdly  switching  to  inorganic  resists  may  eliminate 
organic  materials  in  the  process  flow  and  effectively  reduce  the  number  of  cleans  required.  Lastly  since  the 
conversion  process  of  thermal  resist  uses  the  heat  generated  by  a  laser  pulse  thermal  resist  is  more  wavelength 
invariant  than  organic  photoresists.  Moreover,  unlike  current  photoresists,  most  thermal  resists  have  the  advantage 
that  the  conversion  process  exhibits  a  threshold  behavior.  Photoresists  follow  the  law  of  reciprocity.  For  example, 
the  energy  from  multiple  low  intensity  pulses  converts  the  resist  exactly  as  would  a  single  pulse  with  energy 
equivalent  to  the  sum  of  the  low  intensity  pulses.  In  contrast,  many  low  energy  pulses  that  do  not  raise  the  thermal 
resist  temperature  above  the  reaction  threshold  will  have  no  effect  on  the  thermal  resist.  Bi/In  and  its  class  of  bilayer 
metallic  films  have  shown  the  potential  of  being  a  thermal  resist  for  the  next  generation  of  microfabrication 
technology. 

In  addition,  metallic  based  resists  can  enable  processes  that  could  never  be  done  by  regular  organic  resists. 
Consider  copper,  which  has  become  the  major  metallization  material  for  Integrated  Circuit  (IC)  fabrication  processes 
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due  to  its  superior  conductivity.  The  standard  copper  deposition  process  involves  copper  seeding,  plating  and 
Chemical  Mechanical  Polishing  (CMP)  processes.  Since  metallic  bilayer  thermal  resists  are  conductive  after 
development,  a  novel  application  is  investigated  which  uses  these  resists  as  both  patterning  and  metallization 
seeding  material  for  electroplating.  For  regular  IC’s  this  could  simplify  the  wafer  fabrication  process  flow,  reduce 
defects,  and  increase  the  wafer  yield  and  throughput. 

This  paper  investigates  several  potential  applications  of  the  Bi/In  bilayer  metallic  material.  A  new  acid  base 
solution  was  found  to  be  an  effective  developer  for  Bi/In  thermal  resist.  Bi/In  was  also  researched  as  a  seeding 
pattern  layer  for  a  new  laser  LIGA  process  involving  metal  electroplating.  The  potential  of  Bi/In  bilayer  as  a  highly 
sensitive  write-once  optical  recording  material,  which  has  much  lower  melting  point  (200°C)  and  lower  structural 
transition  temperature  (less  than  175°C),  has  been  studied.  The  change  in  the  light  absorption  of  the  Bi/In  film  after 
exposure  has  also  been  investigated  with  the  potential  for  creating  a  direct  write  photomask  by  exploiting  the  change 
in  exposure  feature. 


2.  BIMETALLIC  THERMAL  RESIST:  A  DRY  PROCESS 

The  requirements  of  a  bimetallic  alloying  thermal  resist  have  been  discussed  previously  [1].  The  concept  is  to 
choose  two  thin  films  who  materials  which  have  a  phase  diagram  that  contains  a  eutectic,  an  alloy  with  a  melting 
point  local  minimum  less  than  below  the  melting  point  of  either  metal  [1].  The  Bi/In  phase  diagram  has  a  eutectic 
temperature  of  72°C  at  22%  bismuth  and  a  local  temperature  minimum  of  112°C  at  53%  bismuth  [2],  The 
composition  of  the  alloy  formed  is  selected  by  the  thickness  of  the  deposited  Bi  and  In  layers.  For  example,  to  form 
the  53%  Bi  alloy,  the  thickness  of  the  deposited  bismuth  film  will  be  nearly  equal  to  the  indium  thickness.  While 
Bi/In  bimetallic  resists  have  been  the  main  focus  of  this  research,  many  other  alloy  mixtures  or  ratios  have  been 
identified  [3]  making  this  a  whole  class  of  potential  resist  alloys.  Two  particularly  promising  combinations  are 
Bismuth  Tin  (BiSn,  43%  Bi,  with  a  eutectic  point  of  139°C)  and  Indium  Tin  (InSn,  47%  Sn  with  a  eutectic  point  of 
117°C)  [4].  Their  structure  and  deposition  would  in  the  same  manner  as  the  Bi/In  films,  though  their  behavior 
shows  some  differences. 
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Figure  1.  A  dry  bimetallic  thermal  resist  process,  (a)  shows  the  substrate  and  the  layer  to  be  patterned,  (b)  In  and  Bi  have  been 
sputtered  onto  the  substrate,  (c)  UV  exposure  converts  the  exposed  area  into  alloy,  which  has  different  chemical  properties  from 
the  unexposed  area,  (d)  The  development  process  removes  the  unexposed  and  retains  the  exposed  area,  (e)  The  pattern  is 
transferred  to  the  underneath  layer  by  either  plasma  or  wet  etch,  (f)  The  whole  process  is  completed  by  stripping  the  resist. 


Bimetallic  thermal  alloying  resists  consist  of  two  thin  metal  films.  In  and  Bi  (see  Figure  1(b)),  in  this  case,  are 
RF  or  DC  sputtered  to  the  thickness  of  15-150  nm  on  a  thin  film  layer  that  is  going  to  be  patterned.  When  exposed  to 
light  under  a  photomask,  as  shown  in  Figure  1  (c),  the  material  in  the  exposed  area  will  absorb  the  light  energy  and 
be  heated  up  to  above  the  Bi/In  eutectic  temperature.  Since  the  alloy  has  a  lower  melting  point  than  either  individual 
film,  melting  will  begin  at  the  interface  between  the  two  layers  and  move  outward  as  the  melt  pool  grows.  At  the 


Proc.  SPIE  Vol.  4637 


331 


end  of  the  laser  pulse,  the  resist  layers  will  cool  and  solidify  as  the  eutectic  alloy.  The  material  in  the  unexposed 
area,  where  the  light  is  blocked  by  the  photomask,  will  remain  the  same  as  two-layer  structure.  Tests  show  that  the 
alloy  have  different  chemical  properties  from  Bi  or  In.  For  the  resist  development  after  exposures,  two  etch 
solutions  have  been  found  (see  section  5)  which  will  attack  the  areas  of  unexposed  resist  more  aggressively  than  the 
exposed  areas.  After  the  resist  development,  the  alloyed  area  remains  while  the  unexposed  area  is  removed,  as 
shown  in  Figure  1  (d).  The  pattern  is  then  transferred  to  the  underneath  layer  to  be  patterned  by  plasma  etching  or 
wet  etching.  After  the  resist  stripping,  the  whole  lithography  process  is  completed. 


3.  OPTICAL  MODEL:  THE  CREATION  OF  WAVELENGTH  INVARIANCE 

Unlike  the  current  organic  photoresists,  which  operate  by  photochemical  processes,  bimetallic  thermal  resists 
are  activated  by  the  heat  that  the  resist  films  generate  by  the  absorption  of  the  laser  exposure.  Reflection, 
transmission  and  absorption  occur  when  a  laser  illuminates  the  surface  of  a  thin  film.  Understanding  the  interaction 
between  the  laser  beam  and  the  bimetallic  thin  film  will  help  us  analyze  and  design  the  thermal  resist  films.  An 
optical  model  [5,6,7]  was  established  based  on  an  Airy  Summation  which  is  a  complete  sum  of  all  the  electric  field 
vectors  traveling  into  the  film  and  reflected  at  each  interface  at  the  surface  and  bottom  of  the  absorbing  media.  The 
accuracy  of  the  model  has  been  verified  by  comparing  the  results  with  other  publications,  and  our  experimental 
results.  The  model  calculates  the  total  amount  of  light  reflected  from  the  top  surface  (R),  transmitted  through  the 
bottom  surface  (T),  and  absorbed  through  the  total  thickness  of  the  imaging  layers  (A),  which  vary  with  the  laser 
wavelength  and  the  resist  thickness.  The  three  plots  in  Figure  2  are  the  simulated  reflection,  transmission  and 
absorption  curves  versus  film  thickness  at  wavelengths  of  commonly  proposed  or  used  exposure  systems  248  nm 
(current  exposure  systems),  157  nm  (follow  on  from  the  new  195  nm  systems)  and  13.4  nm  (Extreme  UV  or  EUV 
systems  projected  for  sub  70  nm  exposure  systems).  The  wavelength  invariance  of  the  Bi/In  resist  was  demonstrated 
by  calculating  the  relative  change  in  reflected,  transmitted,  and  absorbed  light  in  the  imaging  layers  when  switching 
from  248  nm  to  157  nm  exposures.  It  is  noticed  that  the  difference  between  157  nm  and  248  nm  curves  is  less  than 
5%  of  the  248  nm  values  for  20  nm  thick  imaging  layers  or  greater.  This  indicates  only  modest  changes  in  the 
energy  deposited  in  the  imaging  layers,  and  thus  exposure  characteristics,  as  the  exposure  wavelength  moves  from 
248  nm  to  157  nm.  It  is  also  interesting  to  note  that  below  this  the  reflectivity  of  the  films  decline.  When 
wavelength  moves  from  157  nm  to  13.4  nm  the  absorption  increases  24%  at  the  thickness  20  nm  of  each  layer,  and 
reflectivity  becomes  very  small.  As  absorption  is  the  energy  source  to  convert  thermal  resists,  it  is  expected  that 
Bi/In  thermal  resist  will  perform  better  at  13.4  nm  than  at  248  nm. 
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Figure  2.  The  simulation  results  from  the  optical  model.  The  three  plots  are  the  reflection,  transmission  and  absorption  curves 
versus  film  thickness  at  wavelength  13.4  nm,  157  nm  and  248  nm.  It  is  noticed  that  the  absorption,  which  is  the  resist  activation 
energy  source  maintains  at  about  60%  of  the  incoming  light  at  20  nm  thick  of  each  layer  and  above,  showing  the  wavelength 
invariance  property. 


The  charts  in  Figure  3  are  the  RAT  difference  between  (a)  248  nm  and  157  nm,  and  (b)  248  nm  and  13.4  nm. 
Plot  (a)  indicates  that  the  difference  between  these  two  wavelengths  is  very  small.  The  absorption  difference  is  less 
than  5%  of  the  248  nm  values  for  20  nm  thick  imaging  layer.  This  is  only  a  modest  change  in  the  energy  deposited 
in  the  imaging  layer,  and  thus  exposure  characteristics,  as  the  exposure  wavelength  changes  from  248  nm  to  157  nm. 
As  mentioned  previously  in  this  section,  plot  (b)  shows  that  the  light  absorption  increases  when  the  light  wavelength 
decreases  from  248  nm  to  13.4  nm. 

The  Poynting  vector  for  an  absorbing  medium  has  been  used  to  calculate  the  intensity  of  the  light  as  a  function 
of  the  depth  into  the  Bi/In  films.  The  light  intensity  in  the  film  (P  curve)  and  the  energy  deposited  per  unit  volume 
(Q  curve)  are  shown  in  Figure  4.  Also  notice  the  interference  pattern  seen  in  the  Q  curves  of  Figure  4  (b)  which 
occurs  because  the  wavelength  of  light  is  significantly  smaller  than  the  total  thickness  of  the  film.  Because  of  the 
relatively  high  transmittance  through  the  bilayer,  33%  of  the  deposited  energy  is  in  the  bottom  layer.  This  indicates 
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that  the  bilayer  will  heat  up  quickly,  and  there  will  be  significant  heat  generation  from  the  laser  pulse  at  the  metal 
interface,  which  is  surprising  for  such  a  thick  film. 


Thichness  (nm)  of  each  layer 


Figure  3.  RAT  difference  between  (a)  248  nm  and  157  nm  and  (b)  248  nm  and  13.4  nm.  The  difference  between  248  nm  and  157 
nm  is  very  small  showing  that  the  optical  property  of  the  Bi/In  film  does  not  change  so  much.  It  is  interesting  to  notice  that  the 
absorption  improves  when  the  laser  wavelength  moves  from  248  nm  to  13.4  nm. 
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Figure  4.  P  and  Q  curves  for  30  nm  total  thick  film  of  Bi  on  In  bilayer  exposed  with  13  nm  EUV.  It  is  interesting  to  notice  the 
interference  pattern  in  the  Q  curve,  which  is  similar  to  the  light  interference  inside  a  thin  film. 


4.  RESIST  EXPOSURE 

The  Bi/In  films  were  prepared  by  a  single  pump  down  DC/RF  sputtering  depositions  on  glass  slides,  quartz 
slides,  and  silicon  wafers.  The  detailed  deposition  parameters  were  reported  separately  [1].  Two  laser  setups  were 
used  to  make  images  on  the  Bi/In  thermal  resist.  A  5W  Ar  ion  laser  in  CW  mode  was  used  in  conjunction  with  an 
X-Y  table  with  the  positioning  accuracy  of  0.01  |J,m  and  an  electro-optic  shutter  to  generate  pulses  of  minimum 
duration  10  ps.  Large  areas  (1cm2  or  larger)  were  exposed  by  raster  scanning  across  the  surface  of  the  resist.  The 
scanning  speed  is  set  to  10  mm/sec.  In  Ar  laser  exposures,  two  objective  lenses  were  used,  depending  on  the 
application.  A  50mm  focal  length  converging  lens  with  a  beam  waist  of  Wf=5  pm  was  mainly  used  to  produce  large 
exposed  areas.  A  50X  microscope  objective  lens  with  a  beam  waist  of  Wf=l  pm  was  used  to  make  fine  structures 
such  as  lines  and  small  squares. 


Figure  5.  The  optical  setup  for  Nd:  YAG  to  make  a  projected  image  on  the  Bi/In  thermal  resist. 
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An  Nd-YAG  laser  with  non-linear  crystal  conversion  to  output  laser  light  at  533  nm  (400mJ  max),  266  nm  (100 
mJ  max)  and  213  nm  (40  mJ  max)  was  used  to  make  projected  images.  The  Nd-YAG  laser  was  employed  to 
provide  short  pulse  exposures.  Two  distinct  optical  setups  were  utilized  for  NdrYAG  laser:  (a)  a  projection  system 
consisting  of  a  beam  expander  and  a  condensing  lens  with  photo  masks  in  between  as  shown  in  Figure  5,  and  (b)  the 
laser  beam  with  a  diameter  of  approximately  5mm  was  used  without  any  additional  lenses  to  focus  it.  An  Nd-YAG 
laser  running  at  2nd  harmonic  533  nm  (green)  was  used  as  a  projecting  source,  with  an  energy  density  of  2.5  mJ/cm2, 
and  2  pulses/sec.  2-10  pulses  were  used  to  make  an  exposure.  From  the  point  of  conversion  the  Nd-YAG  exposures 
are  similar  to  those  produced  in  a  real  stepper  exposure  system.  It  is  interesting  to  note  that  the  exposed  areas  of  the 
thermal  resist  is  more  transparent  than  the  unexposed  area,  and  hence  the  pattern  is  visible.  Figure  6  (a)  and  (b)  are 
the  front  and  back-lit  microscopic  pictures  of  the  projected  images  on  45  nm  Bi/In  film  using  the  projecting  optics. 
The  image  was  made  with  the  following  conditions:  laser  power  of  145mJ/cm2,  pulse  repetition  rate  of  30Hz,  and 
exposure  duration  =  12min.  It  should  be  noticed  that  the  laser  power  used  here  was  not  the  actual  power  used  to 
make  the  projected  image  due  to  the  beam  expander.  It  is  estimated  that  only  less  than  10%  of  the  energy  was  used 
for  the  exposure.  As  expected,  the  exposed  area  is  more  transparent  than  the  unexposed  area.  Also  images  have  been 
made  on  Bi/In  films  as  shown  in  Figure  7  using  the  unfocused  beam.  A  normal  chrome  mask  with  fine  structures  of 
various  sizes  was  placed  0.5mm  before  the  Bi/In  film. 


Figure  6.  (a)  is  the  front-lit  microscopic  view  of  a  projected  image  on  Bi/In.  (b)  is  the  back-lit  microscopic  view  of  the  same 
projected  image.  The  line  width  is  20  pm. 


Figure  7.  Images  were  made  on  a  Bi/In  35  nm/35  nm  film,  using  533  nm  unfocused  Nd-YAG  laser  at  2.5  mJ/cm2,  3.5  ns/pulse. 
The  line  width  is  150pm  in  (a)  and  30pm  in  ( b ).  These  lines  are  un-developed  and  show  how  clear  the  exposed  image  is. 


5.  RESIST  DEVELOPMENT 

One  of  the  requirements  for  a  working  resist  is  that  the  laser  exposed  area  and  the  unexposed  area  should  have 
different  chemical  properties  so  that  it  can  be  successfully  developed  to  form  a  lithographic  hard  mask  after 
exposure.  It  was  noticed  that  Bi/In  deposited  on  glass  and  quartz  substrates  converted  to  a  significantly  less 
optically-absorbing  material  when  exposed  to  laser  pulses.  Such  considerable  optical  change  indicates  that  the 
converted  materials  have  significantly  different  physical  and  chemical  characteristics  than  the  unconverted  materials. 
In  wafer  fabrication  industry,  an  etch  selectivity  ratio  >20:1  (that  is  the  ratio  between  the  etch  rate  of  the  unexposed 
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and  exposed  layers)  is  preferred  when  developing  hard  masks.  It  has  been  found  that  two  kinds  of  acid  based 
solutions  are  effective  in  developing  the  exposed  films  to  get  an  image  pattern  by  removing  the  unexposed  area,  thus 
making  the  resist  a  negative  one.  The  first  is  a  mixture  solution  of  nitric  acid  and  acetic  acid  (HN03:CH3C00H:H20 
=  1 :3:6),  which  gives  a  very  good  etching  selectivity  of  exposed  to  unexposed  area  of  larger  than  65:1  (refer  to  Table 
1).  The  etch  rate  of  unexposed  area  is  about  26  A/sec.  However  nitric  acid  solution  has  scumming  problem:  it  can 
not  remove  trace  alloy  residue  in  the  unexposed  area.  To  solve  this  problem,  usually  100%  over-development  is 
applied. 

The  second  is  a  solution  of  HC1:H202:H20  =  1:1:48,  which  was  discovered  to  be  a  developer  with  even  better 
performance.  It  has  been  reported  [1]  that  Bi/In  can  be  stripped  by  RCA2  (HC1:H202:H20  =  1:1:6)  cleaning  after  the 
patterning  is  done  or  there  is  a  need  for  reworking.  In  stead  of  using  the  HC1:H202:H20  solution  at  a  much  higher 
concentration  and  at  the  temperature  of  80°C  for  stripping,  the  exposed  films  are  developed  in  a  much  diluted 
formula  (1:1:48)  and  at  room  temperature.  The  selectivity  is  above  60:1,  the  etch  rate  is  faster  than  nitric  acid 
solution,  and  it  has  good  descumming  capability.  Figure  8  shows  the  result  from  an  etch  comparison  experiment.  A 
Bi/In  film  deposited  on  Si02  (wet  oxide  on  4”  wafer)  with  equal  thickness  of  90  nm  Bi  and  In  was  used  in  this  test. 
A  series  of  lines  were  first  made  by  Ar  CW  laser  scanning.  The  sample  was  then  dipped  in  the  developing  solution 
for  5  sec  to  over  15  min  and  rinsed  thoroughly  with  DI  water.  A  profilometer  was  used  to  measure  the  film  thickness 
at  the  exposed  and  unexposed  areas.  One  can  notice  that  the  thickness  of  the  unexposed  area  of  the  film  reduces 
rapidly,  while  that  of  the  exposed  area  changes  slowly  with  time. 


Table  1.  Development  solutions 


Solution 

Chemical  Ratio 

pH  Value 

Etching  Selectivity 

Etch  Rate 

Nitric  Acid  Solution 

HNO,:CH,COOH:  H20  =  1:3:6 

2 

>65:1 

26  A/sec 

HC1:H202:  H20  @25°C 

HC1:H,02:H20=  1:1:48 

2 

>60:1 

30  A/sec 

Figure  8.  Film  thickness  vs  etching  time  in  Nitric 
acid  and  HC1:H202:H20  solutions. 


Developing  Time  (sec) 

Figure  9.  Line  width  reduces  with  the  developing  time.  It 
saturates  at  certain  point. 


It  is  also  noticed  that  the  width  of  the  exposed  lines  decreased  with  the  developing  time.  A  45  nm/45  nm  Bi/In 
film  was  exposed  with  65  pm  wide  lines  using  CW  Ar  laser  scanning.  The  sample  was  developed  in  HC1:H202:H20 
solution  for  different  duration.  The  width  of  the  lines  was  measured  using  an  optical  microscope  line  width  system. 
As  shown  in  Figure  9,  the  line  width  dropped  quite  fast  for  the  first  20  seconds,  and  then  saturated  at  45pm.  There 
are  many  possible  causes  to  this  line  width  reduction  phenomenon.  Perhaps  the  most  likely  reason  is  that  since  the 
Ar  laser  intensity  across  the  laser  beam  follows  the  Gaussian  distribution,  the  thermal  resist  exposed  to  the  beam 
edge  is  not  converted  as  completely  as  at  the  center  of  the  beam.  Also  the  heat  dissipation  along  lateral  directions  in 
the  resist  film  could  partly  convert  the  film  when  the  film  thickness  is  greater  than  30  nm.[8] 

Figure  10  is  an  SEM  picture  of  a  developed  Bi/In  line  pattern  on  Si02  layer  on  a  silicon  wafer.  These  are  2pm 
wide  lines  with  10pm  spacing  made  by  Ar  laser  (514  nm  at  0.05W)  raster  scanning  on  a  45  nm/45  nm  Bi/In  film. 
The  sample  was  developed  in  the  HC1:H202:H20  solution  for  60  sec.  As  the  total  thickness  of  the  film  is  only  about 
850  A,  we  could  not  get  a  very  good  cross-section  SEM  picture.  Figure  1 1  shows  a  45°  tilted  SEM  picture  of  the 
developed  Bi/In  lines. 
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Plasma  etching  of  the  bimetallic  thermal  resist  is  now  under  development  to  make  this  a  completely  dry 
lithographic  process. 


Figure  10.  SEM  picture  of  developed  2  pm  wide  Figure  11.  A  45°  tilted  SEM  picture  of  developed  Bi/In  lines 
Bi/In  lines  with  10  pm  spacing.  on  SiCtySi  wafer. 

6.  ELECTRIC  PROPERTIES  OF  Bi/In  RESIST 

A  significant  difference  from  the  organic  photoresist  is  that  the  metallic  bilayer  thin  film  thermal  resist  is 
conductive  both  before  and  after  exposure.  The  electrical  conductivity  opens  the  door  to  many  potential  applications. 
The  sheet  resistance  of  the  exposed  and  unexposed  samples  was  measured  using  a  Model  MP0705A  four-point 
probe  from  Wentworth  Labs,  which  is  connected  to  an  HP  3478A  multimeter.  The  4  probes  are  arranged  in  a  line 
with  1mm  spacing  between  one  another.  Electric  current  flows  between  the  outer  two  probes,  and  the  voltage  drop 
across  the  film  is  measured  by  the  inner  two  probes.  The  advantage  of  this  method  is  that  it  eliminates  any  contact 
resistance  in  the  measurement.  To  ensure  the  accuracy  of  the  measurement,  it  is  required  that  the  conducting  film 
thickness  be  less  than  40%  of  the  spacing,  and  the  edges  of  the  film  be  more  than  4  times  the  spacing  distance  from 
the  measurement  point.  The  sheet  resistance  measurement  was  carried  out  on  a  series  of  Bi/In  thin  film  samples.  The 
bilayer  film  was  sputter-deposited  on  glass  slides  with  30  nm  equal  thick  Bi  on  top  of  the  In  layer.  The  sheet 
resistance  was  first  measured  on  the  unexposed  Bi/In  film  (named  as  Bi/ln  30/30  U  in  Table  2),  and  then  on  the  Ar 
laser  raster-exposed  areas  (as  Bi/In  30/30  E  in  table  2).  The  laser  power  was  0.20W.  The  exposed  sample  was  dipped 
in  HC1:H202:H20  solution  for  40  second  for  development,  and  its  sheet  resistance  was  measured  after  N2  blow-dry 
(as  Bi/In  30/30  D  in  table  2).  The  resistances  of  single  layer  Bi  and  In  films  of  thickness  15  nm,  30  nm,  and  45  nm 
were  also  measured. 

It  is  noticed  that  the  resistivity  of  the  thinner  Bi  and  In  films  is  higher  than  that  of  bulk  materials,  dropping 
significantly  as  the  films  get  thicker.  This  can  be  attributed  to  the  fact  that  the  oxidized  part  of  the  film  is  more 
significant  in  thinner  films  than  in  thicker  films.  It  is  noticed  that  the  exposed  films  are  slightly  more  conductive  that 
unexposed  films.  A  surprising  finding  is  that  the  developed  resist  is  conductive.  This  indicates  that  the  Bi/In  thermal 
resist  can  not  only  be  used  as  a  patterning  material,  but  also  as  an  electric  plating  seeding  layer.  This  has  the 
potential  to  simplify  the  manufacturing  process  since  separate  resist  removal  and  seeding  processes  are  not  required. 
The  developed  film  is  more  conductive  than  most  of  the  current  barrier  layer  films  and  silicide  films.  For  example, 
the  resistivity  of  the  most  conductive  silicide  TiSi2  is  about  1 .6x1  O'2  £2cm,  and  TaN,  the  barrier  layer  used  for  copper 
plating,  is  about  2.5x10  ' £2cm  [9]. 


Table  2.  Sheet  resistance  and  resistivity 


Bi  (15nm) 

Bi  (30nm) 

Bi  (45nm) 

In  (15nm) 

In  (30nm) 

-7. . 4 

In  (45nm) 

Bi/In  30/30  U 

Bi/In  30/30  E 

Bi/In  30/30  D 

Sheet  resistance  (ft/sq  ) 

484.7139 

171.0113 

79.615 

32±3 

9.310.9 

3.510.2 

82.816 

80.815 

97.517 

Film  resistivity  (Ocm) 

7.27x10"* 

5.13x10"* 

3.58x10"* 

4.91x10 5 

2.79xl0's 

1.56x1  O'5 

4.97x10"* 

4.85x10"* 

5.03x10"* 

Bulk  resistivity  (O  cm) 

1.3x10  1 

|  8.0x10-*  1 

- 

- 

- 

7.  METAL  PLATING  ON  DEVELOPED  Bi/In  RESIST 

Metallization  is  an  important  process  in  the  microfabrication  of  both  chips  and  MEMS.  PVD  and  CVD  metal 
coating  has  been  the  major  deposition  method  in  both  areas,  which  has  the  disadvantage  of  not  being  able  to  deposit 
thick  films  (much  greater  than  1.5  pm)  on  the  substrate  due  to  film  stress.  By  comparison,  metal  electroplating  can 
not  only  put  several  microns  even  dozens  of  microns  thick  of  films  on  the  substrate,  but  also  fill  high  aspect  ratio 
vias  and  contacts.  Copper  plating  has  been  very  successful  in  the  wafer  fabrication  recently  for  high  end  microchips. 
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However  current  copper  plating  technique  involves  many  processes,  such  as  seeding,  lithography,  and  plasma 
etching,  which  can  increase  the  cycle  time  and  introduce  process  defects. 

Due  to  its  unusual  conductive  property,  Bi/Tn  has  demonstrated  that  it  can  be  used  as  a  direct  laser  write 
electroplating  resist  material.  The  Bi/In  resist  can  be  deposited  and  directly  written  on  with  the  laser,  and  it  will  act 
as  both  a  patterning  material  after  development  and  a  seeding  layer  for  plating.  By  comparison  considerable  efforts 
have  been  made  to  achieve  high-aspect  ratio  structures  in  the  micromachining  area.  Using  X-ray  lithography, 
standard  UGA  process  can  be  used  to  fabricate  very  high  structures  (as  high  as  1mm)  with  sub-micron  lateral 
accuracy  [10].  However,  the  high  cost  using  synchrotron  X-ray  source  prevents  it  from  being  a  common 
micromachining  process.  With  Bi/In  as  both  patterning  and  seeding  layer,  one  can  easily  plate  thick  films  to  achieve 
high  aspect  ratio  structures.  Conductive  bimetallic  thermal  resist  could  be  an  alternative  to  UGA  process. 

Cu  and  Ni  plating  was  carried  out  on  developed  Bi/In  layers  on  various  substrates  such  as  Si  wafers,  glass  slides, 
wet-oxidized  wafers.  The  Bi/In  resist  was  first  exposed  to  Ar  laser  by  raster-scanning  exposure  patterns,  such  as 
lines  and  square  areas.  Laser  power  varied  from  0.05W  to  0.35W.  The  films  were  then  developed  in  nitric  acid  or 
HC1:H202:H20  solutions  for  40  to  100  seconds  to  remove  those  unexposed  areas.  During  the  laser  scanning  period, 
conductive  pads  were  designed  and  exposed  for  plating  connection.  Table  3  shows  the  chemical  ingredients  for  the 
plating.  Cu  plating  was  carried  out  in  room  temperature  and  Ni  at  55°C.  Figure  12(a)  shows  several  Cu  lines  inside  a 
square  Cu  window,  the  space  between  two  Cu  lines  is  10pm.  To  make  this  pattern  on  Bi/In,  the  large  window  frame 
was  first  raster-scanned  with  Ar  laser  on  the  X-Y  table.  Then  the  lines  were  made  again  by  Ar  laser  by  a  single  scan. 
As  shown  here,  as  copper  plating  continues,  a  high  aspect  ratio  structure  can  be  achieved.  Figure  12(b)  is  the  SEM 
picture  of  a  Cu  square  with  an  opened  window,  and  12(c)  are  the  Cu  lines.  The  plated  copper  layers  are  3pm  thick. 
Figure  13(a)  is  a  Ni  mesh  plated  on  Si  substrate.  Each  square  is  10  by  10  pm.  13(b)  shows  a  densely  plated  area.  The 
space  between  two  Ni  lines  is  5  pm.  13(c)  is  a  small  Ni  pattern,  the  thin  line  is  2  pm  wide.  The  plated  nickel  layer  is 
4  pm  thick. 


Table  3.  Cu  and  Ni  plating  parameters 


1  liter  plating  solution 

Plating  Temperature 

Typical  Plating  Current  Density 

Cu 

CuS04.5H20  =100g,  H,SO4=10ml 

25°C 

10-50  A/m2 

Ni 

NiS04.6H;0=  1 50g,  NiC1.6H2O=60g,  H,BO,=37.5g 

55°C 

10-50  A/m2 

■IP 
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Figure  12.  (a)  An  optical  picture  of  plated  Cu  on  Si02.  The  spacing  between  two  lines  is  10  pm.  (b)  SEM  picture  of  a  Cu  square 
and  (c)  SEM  picture  of  Cu  lines.  The  copper  layer  is  3  pm  thick. 


lines  with  5pm  spacing  and  (c)  a  small  pattern  of  4  pm  square  with  2  pm  wide  line. 
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8.  Bi/In  RESIST  FILM  STABILITY  TEST  (SHELF  TEST) 

A  shelf  lifetime  test  was  conducted  to  investigate  the  stability  of  the  deposited  Bi/In  film.  A  50  nm/50  nm  Bi/In 
film  was  deposited  on  a  glass  slide  which  was  subsequently  cut  into  4  pieces.  XRD  analysis  and  UV  spectrum  were 
carried  out  on  each  of  the  slide  pieces  before  the  shelf  test.  A  multi-purpose  stainless  steel  oven  was  used  for  the 
shelf  test.  The  oven  temperature  was  kept  at  50trC.  >90%  humidity  for  10  days  (Table  4). 


Table  4.  Shelf  test  conditions. 


Sample 

#1 

#2 

#3 

#4 

Bi/ln  film  structure 

50  nm  /  50  nm 

50  nm  /  50  nm 

50  nm  /  50  nm 

50  nm  /  50  nm 

Shelf  Test  Temperature 

50±1”C 

50+1‘C 

50+1'C 

50+1T 

Shelf  Test  Humidity 

>90% 

>90% 

>90% 

>90% 

Shelf  Test  Duration 

66  hours 

1 17  hours 

158  hours 

233  hours 

Figure  14.  XRD  spectrum  for  shelf  test  on  a  50  nm/50 
nm  Bi/In  film.  From  the  bottom  to  the  top  are  curves  of 
1)  as-deposited,  2)  after  66  hours,  3)  117  hours,  4)  158 
hours  and  5)  233  hours  of  shelf  time. 


Wav«l«ngth  (nm) 


Figure  15.  Spectrometer  result.  From  bottom  to  top  are  1)  after 
233  hours,  2)  0  hours,  3)  after  66  hours,  4)  after  158  hours  and 
5)  after  1 17  hours  of  shelf  test. 


The  4  samples  were  taken  out  of  the  oven  separately  according  to  the  time  schedule  in  Table  4,  and  then  XRD 
and  UV  spectrum  tests  were  immediately  conducted.  Figure  14  is  the  combined  result  of  pre  and  post  shelf  test 
XRD.  The  film  property  does  not  change  even  after  around  10  days  under  humid  and  hot  environment.  Spectrometer 
measurements  on  the  samples  described  above  also  show  the  same  result,  as  in  Figure  15. 

9.  OPTICAL  CHARACTERISTICS  OF  Bi/In  FILMS 

In  the  optics  information  storage  industry,  alloying  and  phase  change  materials  are  widely  used.  Due  to  the 
prevalent  applications  of  CD-R  and  CD-RW  both  at  home  and  in  the  office,  developing  new  types  of  recording 
media  with  higher  sensitivity  and  better  signal  to  noise  ratio  has  generated  a  great  deal  of  interest.  Optical  recording 
is  achieved  by  changing  the  optical  properties  before  and  after  laser  irradiation,  and  optical  reading  is  achieved  by 
taking  the  advantage  of  the  contrast  difference  between  the  laser  exposed  and  non-laser  exposed  area.  There  are  2 
types  of  optical  storage  media:  write-once  and  write  many.  The  basic  requirements  of  thin  film  media  as  optical 
storage  media  are  high  laser  writing  sensitivity,  sharp  conversion  threshold,  good  optical  contrast  and  stability.  The 
recording  mechanism  has  also  been  well  studied  and  categorized  into  following  6  types  [11]:  1)  ablation,  2)  phase/ 
microstructure  change,  3)  chemical  reaction,  4)  particle  coalescence,  5)  topography  change  and  6)  magnetization 
change.  Among  all  the  optical  recording  materials,  Te-based  alloys  and  doped  Te  oxide  films  are  the  most 
thoroughly  studied  media  [12].  Because  of  the  low  melting  point  (452°C),  low  thermal  diffusivity,  and  high  optical 
absorption  coefficient  (a  =  ~  4.9x10"  cm  1  at  830  nm  for  Te),  Te  and  its  alloys  have  been  considered  to  be  among  the 
most  sensitive  materials  for  ablation  optical  recording.  The  typical  phase/microstructure  change  media  for  storage 
are  TeOj.i,  Ge  and  Sn  doped  TeOj  i,  Sb2Se3  on  Bi2Te3,  and  some  other  chalcogenide  films.  Watanabe  et  al  [14] 
reported  that  the  optical  characteristics  of  Sb2Se3  and  Sb2Te3  films  were  changed  due  to  an  amorphous-crystalline 
phase  transition  below  200°C.  The  respective  reflectivity  of  400  A  Sb2Se3  and  300  A  Sb2Te3  films,  each  on  a  Te 
reflective  layer  increased  from  10%  to  30%  and  from  45%  to  65%  by  laser  radiation.  Media  in  chemical  reaction 
category  are  usually  composed  of  2  thin  layers,  such  as  Pd-Si,  Pt-Si  and  Rh-Si  bilayer  films  [11,15,  16],  The  initial 
reflectivity  was  first  made  low  by  choosing  the  proper  thickness  for  each  layer  so  that  the  antireflection  condition 
was  achieved.  After  laser  irradiation  the  reflectivity  became  significantly  higher  due  to  the  detuning  of  the 
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antireflection  condition,  and  a  silicide  compound  was  formed.  In  some  cases  ablation  also  happened  during  the 
process. 

The  large  optical  property  changes  before  and  after  the  laser  exposure  on  this  class  of  bimetallic  thermal  resist 
films  put  it  in  this  same  class  of  optical  storage  materials.  To  characterize  the  optical  properties  of  Bi/In  films  before 
and  after  laser  writing  a  CARY  3E  spectrometer  was  used  to  measure  the  absorption  through  the  raster  scan  (CW 
Ar)  exposed  areas  on  the  film.  The  absorption  spectrum  was  measured  for  areas  raster  scanned  with  a  range  of  laser 
intensities  from  50mW  to  900mW.  Figure  16  (a)  graphs  the  Optical  Density  (OD)  of  the  film  versus  the  exposure 
wavelength  for  a  50  nm/50  nm  Bi/In  film.  The  Bi/In  sample  was  heat-treated  for  72  hours  at  50°C  before  exposure. 
The  OD  of  the  unconverted  film  is  roughly  3.5  -  4.0  from  400  nm  to  800  nm.  As  the  power  of  the  laser  exposure  is 
increased,  the  OD  of  the  converted  area  reaches  a  minimum  corresponding  to  the  energy  at  which  all  of  the  material 
in  the  layers  is  converted.  The  absorption  spectrum  for  the  converted  layers  in  the  range  from  400  nm  to  800  nm 
reaches  a  minimum  value  of  roughly  0.25  OD  at  an  exposure  intensity  of  900mW.  This  represented  a  change  in  the 
OD  of  more  than  3  orders  in  terms  of  transmitted  light  power.  Also  notice  how  smooth  and  flat  the  absorption 
spectra  are  across  a  long  range  in  wavelengths.  This  indicates  that  Bi/In  and  its  class  of  bimetallic  films  can  be  used 
as  a  direct-write  photomask  material. 


Wavelength  (nm) 


Laser  Power  (mW) 


Temperature  (C) 


Figure  16.  (a)  Absorption  through  50  nm/50  nm  Bi/In  exposed  with  the  Ar  laser  at  different  intensities.  From  top  to  bottom:  0, 50, 
100,  300,  500,  700  and  900mW.  The  sample  was  heat-treated  for  72  hours  at  50°C.  (b)  50  nm/50  nm  Bi/In  film  optical 
absorption  vs  laser  power  at  wavelength  635  nm.  Absoiption  drops  drastically  at  100  mW  laser  power  and  saturates  after 
300mW.  (c)  Absorption  at  635  nm  wavelength  vs  heat  treatment  temperature.  The  30  nm/30  nm  Bi/In  film  shows  a  transition 
threshold  temperature  around  125°C. 


Figure  16  (b)  shows  a  curve  of  optical  absorption  versus  laser  writing  power.  It  is  noticed  that  when  the  laser  is 
below  50  mW  (the  laser  beam  is  20  pm  in  diameter)  the  OD  of  the  films  is  above  3.  Since  50mW  is  much  higher 
than  typical  CD-ROM  reading  power  of  0.2  ~  0.3  mW,  normal  laser  reading  will  not  change  the  properties  of  the 
bimetallic  film,  thus  the  media  stability  and  the  data  storage  reliability.  Absorption  drops  sharply  around  100  mW 
writing  power,  and  it  quickly  saturates  from  300  mW  onwards  and  the  optical  density  stabilizes  around  0.25  OD  on 
glass  substrates.  With  thinner  films  the  writing  power  can  be  made  much  lower  and  the  optical  density  difference 
(OD  ratio  between  exposed  and  unexposed  area)  can  still  be  maintained.  Similar  to  laser  exposure,  heat  treatment 
gives  the  same  conversion  result  as  shown  in  Figure  16  (c).  The  samples  were  heated  up  in  an  oven  for  5  minutes.  It 
clearly  shows  a  conversion  threshold  at  around  125°C,  which  is  lower  than  most  other  reported  data  storage  media 
material.  The  optical  absorption  saturates  around  0.29  OD  after  225°C.  With  this  low  absorption  levels  the  Bi/In 
resist  is  near  the  needs  for  a  direct  write  photomask  where  the  converted  areas  can  directly  be  used  as  the  mask 
“openings”  without  development 


10.  CONCLUSIONS 

Bi/In  is  a  bimetallic  thermally  alloy  resist  with  many  unique  properties.  Airy  Summation  modeling  results  show 
that  Bi/In  and  its  class  of  metallic  bilayer  structure  films  offers  an  interesting  advantage  as  a  next  generation  thermal 
resists  as  they  are  wavelength  invariant  even  down  to  the  13.4  nm  planed  for  the  EUV  exposure  systems.  It  is 
predicted  that  Bi/In  will  perform  even  better  at  13.4  nm  than  at  248  nm  wavelength.  To  simulate  the  conventional 
stepper,  an  image  projection  optical  setup  has  been  used  to  make  projected  images  on  Bi/In  films  with  Nd-YAG 
laser  running  at  2nd  harmonic  wavelength.  Wet  etching/developing  solution  HCkFkCV.HjO  solution  has  shown  good 
selectivity  and  descumming  performance  for  Bi/In  thermal  resists.  Etch  selectivity  larger  than  60:1  has  been 
achieved.  Due  to  its  electric  conductivity,  the  patterned  Bi/In  resist  was  demonstrated  as  a  metal  plating  seeding 
layer.  Fine  structures  of  Cu  and  Ni  have  been  successfully  plated  on  various  kinds  of  substrates.  Conductive  resists 
could  potentially  serve  as  patterning  and  seeding  layers  for  metallization  processes  in  semiconductor  industry.  This 
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all-in-one  material  could  greatly  simplify  the  metallization  processes  and  increase  the  fabrication  yield  and 
throughput.  Heat  treatment  was  found  to  be  effective  to  increase  the  optical  density  difference  before  and  after  the 
laser  exposure.  This  shows  that  Bi/In  has  the  potential  to  be  used  as  a  direct-write  photomask  material.  The  sharp 
drop  in  optical  absorption  around  100  mW  writing  power  and  the  optical  density  stabilization  around  0.25  OD  on 
glass  substrates  indicate  that  Bi/In  film  can  also  potentially  be  used  as  a  laser  recording  material. 
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ABSTRACT 

This  paper  outlines  investigations  into  a  potentially  revolutionary  approach  to  tissue  engineering.  Tissue 
is  a  complex  three-dimensional  structure  that  contains  many  different  biomaterials  such  as  cells,  proteins, 
and  extracellular  matrix  molecules  that  are  ordered  in  a  very  precise  way  to  serve  specific  functions.  In 
order  to  replicate  such  complex  structure,  it  is  necessary  to  have  a  tool  that  could  deposit  all  these 
materials  in  an  accurate  and  controlled  fashion.  Most  methods  to  fabricate  living  three-dimensional 
structures  involve  techniques  to  engineer  biocompatible  and  biodegradable  scaffolding,  which  is  then 
seeded  with  living  cells  to  form  tissue.  This  scaffolding  gives  the  tissue  needed  support,  but  the  resulting 
tissue  inherently  has  no  microscopic  cellular  structure  because  cells  are  injected  into  the  scaffolding 
where  they  adhere  at  random.  We  have  developed  a  novel  technique  that  actually  engineers  tissue,  not 
scaffolding,  that  includes  the  mesoscopic  cellular  structure  inherent  in  natural  tissues.  This  approach  uses 
a  laser-based  rapid  prototyping  system  known  as  matrix  assisted  pulsed  laser  evaporation  direct  write 
(MAPLE  DW)  to  construct  living  tissue  cell-by-cell.  This  manuscript  details  our  efforts  to  rapidly 
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and  reproducibly  fabricate  complex  2D  and  3D  tissue  structures  with  MAPLE-DW  by  placing 
different  cells  and  biomaterials  accurately  and  adherently  on  the  mesoscopic  scale. 


Keywords:  Tissue  Engineering,  Direct  Write  Technology,  MAPLE  DW,  Cell  Patterning,  Protein 
Microarray,  Laser  Processing,  Laser-Tissue  Interaction. 


1.  INTRODUCTION 

The  demand  and  need  for  arbitrarily  engineered  tissues  is  growing,  and  a  great  deal  of  technology  envisioned 
for  the  future  involves  highly  integrated  devices  that  contain  biological  components  as  well  as  structural  and  electronic 
elements.  New  microfabrication  techniques  are  needed  to  produce  these  tissues  and  devices,  which  will  contain 
complicated  combinations  of  living  cells,  biomaterials,  polymers,  ceramics,  metals,  and  composite  mixtures.  The  next 
generation  of  engineered  tissues  will  potentially  provide  laboratories  with  an  endless  supply  of  living  samples  to  test  new 
drugs,  bone-cartilage  hybrid  structures  to  treat  damaged  or  aging  joints,  and  surgeons  with  entire  organs  for  transplant 
Other  future  uses  for  engineered  tissue  are  tissue-based  devices  such  as  an  implantable  device  to  remotely  monitor  a 
person's  health  status.  These  types  of  hybrid  devices  will  require  complex  tissue  structures  to  be  placed  adjacent  to 
miniature  electronics  needed  to  gather  data  and  transmit  the  information  via  RF  communications.  The  medical 
community  also  will  benefit  from  tissue-based  devices  for  automated  pathogen  monitoring  and  advanced  DNA  and 
protein  identification.  In  order  to  make  these  next  generation  tissue  structures  and  hybrid  devices  a  reality,  versatile 
biocompatible  microfabrication  techniques  will  be  needed,  both  to  advance  the  basic  research  that  will  enable  these 
technologies  and  as  a  rapid  method  for  construction. 

We  are  developing  a  biological  fabrication  technique  that  can  arbitrary  generate  patterns  of  living  cells  and 
other  biomaterials.  This  level  of  control  is  currently  unavailable  to  biological  researchers  and  tissue  engineers,  who  are 
forced  to  operate  in  the  same  matter  as  a  mechanical  engineer  without  access  to  computer  numerically  controlled 
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machining,  or  an  electrical  engineer  without  semiconductor  microlithography.  Consider  the  aspects  of  an  ideal  21st 
century  biological  microfabrication  tool.  This  single  tool  can  accept  a  supply  of  almost  any  material  from  a  reservoir  or 
holding  substrate,  and  use  it  to  fabricate  a  structure  with  micron-resolution  features.  It  can  easily  switch  from  one 
material  to  another  and  is  compact,  rapid,  highly  automated  and  relies  on  a  CAD/CAM  manufacturing  strategy.  The 
primary  challenge  in  constructing  such  a  tool  is  the  actual  fabrication  method,  which  must  be  gentle  enough  to  move  a 
living  cell  without  rupturing  its  membrane  and  energetic  enough  to  shape  metals  and  oxides  (note  that  the  gentle,  low 
energy  end  of  this  range  is  the  most  challenging).  Manipulation  by  laser-materials  interaction  meets  all  these 
requirements.  A  laser  spot  can  be  easily  focused  and  positioned  at  the  micron  scale.  Lasers  are  readily  available 
throughout  the  UV/VIS/IR  spectrum,  and  can  deliver  an  enormous  range  of  energy  densities.  This  allows  specific  laser- 
materials  interactions  to  be  easily  selected  and  controlled  at  will  (e.g.  ablation,  induced  micro-explosions,  photon 
momentum,  photochemical,  photothermal)  and  makes  it  possible  to  effectively  manipulate  any  material  at  the  micron- 
level.  Furthermore,  lasers  are  reliable,  compact  and  integrate  well  into  automated  systems. 

The  Naval  Research  Laboratories  has  developed  a  laser  forward  transfer  technique  termed  Matrix  Assisted 
Pulsed  Laser  Evaporation  Direct-Write  (MAPLE-DW).1 A3,4  This  technique  uses  highly  localized  laser-induced 
vaporization  (micro-explosions)  to  transfer  material  from  a  coating  on  a  carrier  support  onto  a  receiving  substrate. 
Typically  the  support  is  a  transparent  polymer  or  silica,  and  focused  laser  pulses  propagate  through  the  support, 
producing  rapid  heating  near  the  material/support  interface.  This  heating  generates  an  interfacial  pocket  of  vapor,  which 
then  releases  and  propels  material  onto  a  receiving  substrate.  By  scanning  and  modulating  the  laser,  the  transferred 
material  can  produce  a  high-resolution  pattern  or  structure.  The  MAPLE-DW  technique  has  demonstrated  remarkable 
success  with  all  classes  of  inorganic  materials. 

Fragile  biomaterials  are  more  difficult  to  micromanipulate,  but  in  the  last  year  MAPLE-DW  has  been  used  to 
form  mesoscopic  patterns  of  living  prokaryotic  cells  (E.  coli  bacteria),  living  mammalian  cells  (Chinese  hamster  ovaries, 
human  osteoblasts,  and  mouse  pluripotent  cells),  as  well  as  active  proteins  (anti-BSA,  biotinylated  BSA).  With  this  laser 
transfer  technique,  it  is  possible  to  deposit  patterns  of  cells  over  a  surface  in  an  arbitrary  pattern,  and  produce  patterns  of 
different  cells  with  close  proximity  to  one  another.  In  the  near  future  this  technique  may  allow  easy  fabrication  of  2D 
and  3D  engineered  tissue  as  well  as  high-density  microarrays  for  protein  identification.  Rapid  processing  of  engineered 
tissue  would  enable  countless  experiments  on  different  tissue  structures  to  be  run  in  parallel,  allowing  experimental 
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parameters  to  be  explored  more  quickly  than  by  traditional  techniques.  Current  techniques  are  also  unable  to  form 
engineered  tissue  that  contains  different  cell  types.  Our  approach  would  allow  studies  on  tissue  containing  different  cell 
types  such  as  bone/cartilage  or  muscle/tendon/bone  junctions.  Also,  our  technique  would  give  the  added  benefit  of 
increased  reproducibility  because  we  would  accurately  place  cells  and  biomaterials  in  a  computer-controlled  fashion, 
eliminating  the  non-uniform  and  random  placement  of  cells  resulting  when  they  are  injected  into  engineered  scaffolds 
(i.e.,  cells  inevitably  adhere  to  different  parts  of  the  scaffolding  for  each  new  experiment).  Constructing  tissue  cell-by¬ 
cell  would  eliminate  this  inherent  inconsistency. 

The  ultimate  goal  is  to  create  a  single  tool  that  is  capable  of  fabricating  complex  living  systems  with  the  option 
of  integrating  electronic  components  for  detection,  transmission,  and  actuation.  Before  this  is  accomplished,  however, 
there  are  still  biological-specific  problems  associated  with  the  energetic  nature  of  laser  forward  transfer.  Some  of  our 
studies  have  demonstrated  near  100%  cell  viability  in  transferred  samples,  but  these  experiments  are  difficult  to 
reproduce  reliably,  preventing  the  identification  of  optimal  bio-transfer  parameter  regimes.  Cell  mortality  rates  can  be 
high  during  transfer  if  laser  energy,  environmental  controls,  and  substrates  are  not  optimized.  The  destruction  of 
sensitive  biological  materials  could  be  caused  by  photochemical  effects,  laser-induced  heating,  or  the  mechanical 
compression  and  shock  associated  with  the  transfer  process.  Shearing  forces  during  separation  with  the  support  or  impart 
with  the  substrate  could  also  rupture  cell  membranes.  Undoubtedly,  different  effects  induce  cell  death  at  different  laser 
wavelengths  and  fluences.  This  paper  presents  initial  studies  to  optimize  biomaterial  transfers,  including  the  materials 
necessary  to  construct  tissue  such  as  living  cells  and  active  proteins. 

2.  TRADITIONAL  APPROACHES  TO  CELL  PATTERNING  AND  TISSUE  ENGINEERING 

Fabricating  patterns,  arrays  and  structures  of  living  cells  is  an  important  research  area  due  to  Ihe  merging  fields 
of  tissue  engineering  and  living  device  fabrication,  such  as  tissue-based  sensors  and  microfluidic  components.5,6,7’8 
There  are  two  main  areas  of  research  related  to  forming  patterns  or  structures  of  cells.  The  first  area  uses  a  variety  of 
techniques,  ranging  from  photolithography  to  microcontact  printing  and  other  "soft  lithography"  approaches,  to  form  2D 
cell  arrays.9,10,11,12 13,14,15,16  These  techniques  have  one  common  theme:  surfaces  are  functionally  modified  so  that  cell- 
specific  adhesive  patches  are  presented  to  a  cell  solution.  These  techniques,  therefore,  form  cell  arrays  not  by  direct  cell 
placement  but  by  indirectly  functionalizing  surfaces  that  are  receptive  to  cell  adhesion.  Thus  far,  researchers  have 
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focused  on  modifying  the  chemistry  of  surfaces  to  produce  2D  cell  arrays  and  patterns,  and  there  are  no  examples  of 
these  techniques  fabricating  3D  cellular  or  tissue  structures. 

The  second  research  area  focuses  specifically  on  engineering  3D  cellular  or  tissue  structures  to  speed 
regeneration  of  damaged  tissue  by  direct  in  vivo  implantation.  Nearly  all  current  efforts  to  engineer  tissue  fall  under  two 
categories:  a)  methods  that  rely  upon  seeding  living  cells  into  porous,  biodegradable  scaffolding  made  from  natural  and 
unnatural  sources,17'18’19’20’21  and  b)  methods  that  transplant  cells  without  a  carrier  or  matrix.22  The  later  approach  relies 
upon  transplanted  cells  to  repair  damaged  tissue  by  using  the  damaged  tissue  itself  as  a  platform  for  growth.  Obvious 
improvements  to  this  approach  can  be  made  if  mesoscopic  structure  that  mimics  the  undamaged  tissue  can  be  given  to 
the  transplanted  cells.23  In  many  cases,  this  allows  the  tissue  to  heal  faster  and  stronger  because  the  cells  are  given  a 
blueprint  for  proper  growth.  Current  research  focused  on  giving  transplanted  cells  macroscopic  structure  (i.e.,  to  repair  a 
mm  to  cm  tissue  wound)  is  based  on  engineered  scaffolds  from  different  biocompatible  and  biodegradable  molecules 
grinding  proteins,  extracellular  matrix  components,  hydrogels,  and  polymers.24’25  Most  tissue  engineering,  therefore,  is 
actually  scaffold  engineering,  where  polymer  or  protein  structures  are  molded,  shaped,  and  then  seeded  with  cells  to  fill 
or  repair  in  vivo  tissue.  This  approach  is  most  mature  in  the  area  of 
skin  grafts  where  engineered  tissue  is  routinely  used  to  accelerate 
healing  of  burned  or  damaged  skin.26’27,28  There  is  currently 
intense  research  focused  on  broadening  this  approach  to  tissues  for 
transplantation  into  the  liver,  heart,  nervous  system,  urinary 
system,  and  the  musculo-skeletal  system.29-30 

3.  EXPERIMENTAL  BACKGROUND 

MAPLE-DW  is  a  specialized  laser  forward  transfer 
technique  which  uses  focused  laser  pulses  to  transfer  material  from 
a  thin  coating  on  a  carrier  support,  onto  a  receiving  substrate.  As 
shown  in  figure  1  the  support  is  a  transparent  polymer  or  silica,  and 
the  focused  laser  pulse  propagates  through  the  support,  producing 
rapid  heating  near  the  material/support  interface.  This  generates 
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Figure  1.  Schematic  of  the  MAPLE  DW 
apparatus  that  is  capable  of  forming 
mesoscopic  patterns  of  inorganics  as  well  as 
living  cells  and  active  biomaterials. 
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vapor  that  releases  and  propels  a  pixel  of  material  onto  a  substrate.  By  scanning  and  modulating  the  laser,  the 
transferred  material  can  produce  a  high-resolution  pattern.  The  most  notable  industrial  use  of  laser  forward  transfer  has 
been  in  the  high- volume  printing  industry,  for  platemaking  and  proofing31.  These  applications  are  highly  developed,  but 
are  limited  to  transfer  of  visually  pigmented  ink  and  ink  carrier  materials.  Recent  efforts  have  centered  on  extension  of 
laser  for  ward  transfer  to  other  materials. 

When  laser  heating  explosively  generates  vapor  faster  than  thermal  diffusion  can  occur,  the  transfer  process  is 
considered  to  be  in  the  ablation  regime.  This  is  known  as  laser  induced  forward  transfer  (LIFT)  when  a  high-power, 
ablative  mechanism  is  used  to  transfer  patterns  of  solid-state  materials.32  In  these  cases  the  entire  volume  of  transferred 
material  is  either  vaporized  or  melted,  and  this  severely  limits  the  phases  of  materials  that  can  be  used  for 
microfabrication.  The  most  sophisticated  LIFT  work  has  been  performed  by  Zergioti  et  al.33,  who  demonstrated  sub¬ 
micron  pixels  of  a  few  metal  and  oxide  materials,  in  air. 

Recently  our  group  at  the  Navel  Research  Laboratories  has  extended  the  LIFT  process,  using  ablation-regime 

transfer  but  with  lower  power  sub-microsecond  laser  pulses,  in  order  to  allow  direct  writing  of  a  wider  range  of  useful 
materials,  without  damage  during  transfer.  The  result  was  MAPLE-DW  -  a  high  speed,  low-energy  process  that  couples 
the  laser  power  into  a  volatile  matrix  material,  protecting  fragile  suspended  or  solvated  components  from  laser  damage. 
Originally,  MAPLE-DW  was  developed  for  the  direct-writing  and  rapid  prototyping  of  micron-scale  passive  electronic 
devices,  and  it  has  been  very  successful  at  this  application.  Using  conductive,  resistive  and  dielectric  inks,  MAPLE-DW 
has  been  used  for  the  direct- write  fabrication  of  various  high-performance  electronic  elements34,35.  However,  it  was  soon 
discovered  that  the  MAPLE-DW  process  could  produce  mesoscopic  pixels  (a  homogeneous  continuous  spot)  of  virtually 
any  UV-absorbing  viscous  materia Z36,  provided  that  the  absorptivity  is  sufficiently  high  at  the  laser  wavelength. 
Furthermore,  adjacent  pixels  usually  merge  on  the  substrate  to  form  a  pinhole-free  pattern  with  <10  micron  edge 
resolution,  making  the  technique  attractive  for  device  fabrication  in  general.  Patterned  arrays  of  other  materials  such  as 
chemoselective  polymers37  and  phosphors38  have  been  demonstrated.  Most  recently  MAPLE-DW  has  been  used  to 
deposit  patterns  of  biomaterials  such  as  active  proteins  and  living  cells39,40,41,42. 

As  discussed  in  Section  2,  there  are  several  technologies  capable  of  writing  adjacent  patterns  or  three- 
dimensional  structures  of  different  biomaterials,  but  fewer  techniques  exist  that  produce  patterns  that  are  software 
generated,  have  micron  resolution,  and  are  written  at  sub-millisecond  times. 

4.  RESULTS  AND  DISCUSSION 
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4.1.  Dispensing  Picoliter-scale  Aliquots  of  Active  Proteins 


By  uniformly  spreading  a  viscous  protein  solution  over  the  MAPLE  DW  quartz  support,  picoliter-scale 
droplets  of  active  proteins  can  be  spotted  down 
onto  most  any  substrate.  Figure  2  shows  an 
optical  micrograph  of  two  anti-BSA/glycerol 
droplets  dispensed  onto  a  silanted  glass  slide  using 

two  different  laser  energies  (2.5  and  7.6  pJ),  a  Figure  2.  MDW  of  Anti-BSA/glycerol  on  Digene  Silanated™ 

aa  aaa  2  a  slides  as  a  function  of  laser  energy  using  a  ribbon  to  substrate 

laser  spot  size  of  200  x  200  (lm,  and  a  distance  of  75  um.  The  minimum  transferred  spot  size  is  75  urn 

dia.  with  an  estimated  volume  of  90  pi. 

support/ substrate  distance  of  75  pm.  Other 

experiments  demonstrated  that  protein  solutions  could  be  deposited  into  microwells  and  microchannels.  Figure  3  is  an 
optical  micrograph  of  several  anti-BSA  droplets  dispensed  into  a  polystyrene  microchannel  150  pm  wide  and  70  pm 
deep.  Similar  droplet  resolution  is  achieved  for  both  planar  and  microchannel  substrates. 

The  uniformity  and  symmetry  of 


the  droplets  transferred  over  0.075  and 


0.15  mm  suggests  that  at  laser  energies 
near  threshold,  pattern  resolution  is 
independent  of  support-substrate  distance. 


200  inn 


Figure  3.  MDW  of  an  array  of  Anti-BSA/glycerol  in  a 
150  um  wide  and  70  um  deep  channel  in  polystyrene 


Previous  experiments  using  inorganic  materials  show  that  at  laser  energies  above  threshold  a  "cone-shaped"  spray  of 
many  smaller  droplets  is  formed.43  This  spray  results  in  a  rapid  loss  of  line  resolution  as  the  distance  between  the 
support  and  substrate  is  increased.  The  results  presented  in  this  manuscript  indicate  that  the  transfer  mechanism  for 
protein  solutions  must  involve  the  formation  of  a  constant  diameter  jet  or  droplet  of  fluid  instead  of  a  cone.  One  possible 
explanation  for  these  results  is  that  the  increased  viscosity  and  homogeneous  nature  of  the  protein  solution  may  act  to 
hind  the  fluid  together  as  it  is  released  from  the  bulk  material  on  the  support.  Fast-time  imaging  studies  are  currently 
underway  to  investigate  the  material  transfer  mechanism  that  is  responsible  for  these  observed  transfer  properties. 
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The  first  step  in  demonstrating  that  MAPLE  DW  is  capable  of  creating  a  protein  micro  array  is  to  fabricate  a 
single  element  array  dial  can  be  assayed  with  standard  fluorescent-tagging  procedures.  Figure  3a  is  a  fhmrpgrmt  image 
of  laser-deposited,  biotinylated  bovine  serum  albumin 
(BSA)  spots.  Droplets  of  250  pg/mL  biotinylated  BSA 
woe  first  deposited  onto  a  nitrocellulose-coated  glass  slide 
(FASTslides,  Schleicher&Schuell,  Keene,  N.H.)  by  laser 
transfer.  The  slide  was  then  exposed  to  200  pL  of  50 
mg/mL  BSA  to  block  the  nitrocellulose  sites  where  protein 
was  not  dispensed.  After  washing  twice  with  TBST  [10 
mM  Tris-HCl  (pH  8),  150  mM  NaCl,  0.05%  Tween  20®], 
the  slide  was  exposed  to  100  pL  of  1:100  diluted  Cy5- 
labelled  streptavidin  in  TBST  for  30  minutes  to  enable 
imaging  of  the  active  biotinylated  BSA  sites  by  a  GenePix 
4000B  (Axon  Instruments,  Inc.)  reader  at  635  rnn.  This 
laser  deposition  and  fluorescent  tagging  experiment  demonstrates  that  our  approach  is  able  to  accurately  place  biotin- 
labeled  protein  onto  standard  microarray  slides  and  assay  the  presence  of  bound  protein  in  50  pm  areas. 

The  microarray  shown  in  Figure  2  demonstrates  that  laser  transfer  is  superior  to  tradition  pin  arraying 
techniques  for  the  deposition  of  antibody  microarrays.  First,  the  spot  size  shown  in  Figure  2  is  five  times  gmniw  than 
the  standard  spot  for  a  pin  arrayer;  laser  transfer  can  therefore  form  25  times  more  dense  arrays.  Laser  transfer  also  uses 
protein  solution  more  efficiently  because  each  drop  contains  roughly  65  picoliters  of  fluid  compared  to  a  minimum  0f  33 
nanoliters  for  standard  arraying.  Also  a  minimum  of  100  nanoliters  of  starting  material  is  required  compared  to  tens  of 
microliters  for  a  pin  arrayer.  Therefore  less  material  is  needed  for  laser  transfer  and  virtually  no  material  is  wasted.  This 
increased  efficiency  enables  over  1500  arrays  to  be  fabricated  with  only  100  nanoliters  of  starting  solution—  a  5000  fold 
decrease  in  material  usage  compared  to  the  pin  technique.  The  small  amount  of  starting  materials  required  would  also 
allow  dilute  antibody  solutions  to  be  concentrated  to  smaller  volumes,  enabling  more  molecules  to  be  deposited  per  area. 
Because  the  laser  pulse  can  be  focused  to  spot  sizes  as  small  as  10  pm2,  we  believe  the  ultimate  resolution  of  droplets 


Figure  4.  UV  micrograph  of  a  biotinylated  BSA 
microarray  deposited  by  laser  transfer  onto  a 
nitrocellulose-coated  glass  slide.  Fluorescence  is  due  to 
die  binding  of  Cy5-tagged  streptavidin  to  the  biotinylated 
protein. 
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dispensed  by  MAPLE  DW  could  be  5  pm  or  less.  This  would  enable  several  orders  of  magnitude  more  proteins  to  be 
assayed  per  slide  than  by  any  other  current  technology. 

42.  Fabrication  of  Living  Cell  Patterns 

Laser  direct  write  of  living  cells  was  first  demonstrated  by  forming  patterns  of  the  bacteria  E.  coli.40  Post-laser 
transferred  cells  were  determined  to  be  intact  and  viable  by  SEM  imaging,  green  fluorescent  protein  expression,  and  cell 
culturing  experiments.  In  terms  of  studying  tissue  engineering,  it  is  more  important  to  study  eukaryotic  species,  such  as 
bone  or  muscle  cells  that  form  cohesive 
tissue,  rather  than  prokaryotic  cells. 

Successful  laser-transfer  experiments 
have  also  been  performed  on  two  species 
of  eukaryotic  cells:  Chinese  hamster 
ovaries  (CHO)  and  human  osteoblasts. 

Figures  5  and  6  show  evidence  that  these 
more  fragile  and  complex  cells  can  also 
survive  Ihe  laser  transfer  process.  Figure 
5  (a)  and  (b)  are  optical  micrographs  of  transferred  CHO  cells  immediately  following  laser  transfer  and  after  three  days 
of  culturing,  respectively.  Close  inspection  of  panel  (a)  shows  the  presence  of  both  CHO  cells  and  the  hydrogel  used  as 
a  matrix  to  grow  the  cells  on  the  quartz  support.  The  transferred  hydrogel  allows  the  cells  to  adhere  to  their  new 
environment  and  helps  to  hydrate  cells  until  the  pattern  is  submerged  in  growth  media  several  minutes  after  the  transfer 
is  complete.  The  increased  number  and  adherent  nature  of  the  transferred  cells  shown  in  panel  (b)  indicate  that  at  least 
some  of  the  cells  remain  viable  post-transfer. 

Similarly  Figure  6  (a),  (b),  and  (c)  show  fluorescent  micrographs  of  human  osteoblasts  pre-transfer  (cultured 
on  the  laser  support/ribbon)  and  immediately  post-transfer  after  exposure  to  the  live/dead  assay,  respectively.  The  green 
and  orange  fluorescence  from  different  cells  is  due  to  the  exposure  of  the  cells  to  a  standard  live/dead  assay  where  green 
in<tieatf>R  a  live  cell  (calcein  dye)  and  orange  indicates  the  presence  of  a  dead  cell  (Ethidium  homodimer).  Panel  (a) 


Figure  5.  (a)  Optical  micrograph  of  CHO  cells  and  hydrogel  immediately 
after  laser-transfer,  (b)  Same  transferred  CHO  cells  after  three  days  of 
culturing. 
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demonstrates  that  nearly  all  cells  pre-transfer  are  viable  (osteoblast  culture  on  hydrogel  layer  on  quartz  support),  while 
panels  (b)  and  (c)  show  that  nearly  100%  of  the  osteoblasts  remain  viable  immediately  after  transfer. 

Although  these  results  appear  very  promising,  note  that  we  have  had  some  difficulty  in  reproducibly  achieving 
near  100%  viability.  Specifically,  if  the  transfers  are  not  performed  in  a  wet  environment,  with  near-threshold  laser 
energies,  and  with  "soft"  receiving  substrates,  cell  mortality  rates  can  reach  100%.  Therefore,  further  studies  are  needed 
to  enhance  our  understanding  of  the  transfer  process.  We  plan  to  perform  more  detailed  sets  of  experiments  first  using 
automation  to  more  fully  explore  the  parameter  space  and  then  high-speed  imaging  of  the  cell  transfers  to  help 
understand  what  forces  may  be  causing  cell  mortality. 


Figure  6.  (a)  Micrograph  of  UV  exposed  human  osteoblasts  on  the  laser 
transfer  support  (b)  1 00%  viability  of  laser-transferred  osteoblasts,  (c)  6  out  of 
7  live  osteoblasts  post-transfer. 


5.  SUMMARY  AND  CONCLUSIONS 

These  results  demonstrate  that  MAPLE  DW  is  a  versatile  technique  capable  of  forming  mesoscopic  patterns  of 
active  proteins  and  living  cells,  two  components  necessary  for  the  cell-by-cell  construction  of  complex  tissue  structures. 
We  have  used  this  approach  to  dispense  50  micron  diameter  protein  droplets  (200  micron  diameter  laser  spot)  onto 
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planar  surfaces,  microwells,  and  microarray  substrates.  By  focusing  the  laser  to  smaller  dimensions  (5  micron 
capabilities),  these  dimensions  could  be  decreased  by  at  least  an  order  of  magnitude,  allowing  sub- 10  micron  protein 
spots  to  be  formed.  Previously  published  results  demonstrated  the  ability  to  form  patterns  of  living  E.  coli,  and  here  we 
presented  evidence  that  these  capabilities  can  be  extended  to  living  eukaryotic  cells  such  as  CHO  and  human  osteoblasts. 
We  therefore  believe  that  this  technique  may  be  a  general  method  to  form  arbitrary  patterns  and  structures  of  most  any 
living  cell  type.  By  controlling  these  depositions  with  a  computer-aided  design/manufacturing  system,  we  hope  to 
extend  this  technology  to  fabricate  entire  tissues,  complete  with  their  natural  microscopic  structure. 
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ABSTRACT 

We  employ  a  novel  laser  forward  transfer  process,  Matrix  Assisted  Pulsed  Laser  Evaporation  Direct  Write 
(MAPLE-DW),  in  combination  with  ultraviolet  laser  micromachining,  to  fabricate  mesoscale  ultracapacitors  and 
microbatteries  under  ambient  temperature  and  atmospheric  conditions.  Our  laser  engineering  approach  enables 
the  deposition  of  hydrous  ruthenium  oxide  (RuO^Hy  or  FU1O2  •  x  H2O)  films  with  the  desired  high  surface  area 
morphology,  without  compromising  the  electrochemical  performance  of  this  high  specific  capacitance  material. 
We  compare  three  different  deposition  formulations  incorporating  ethylene  glycol,  glycerol,  or  sulfuric  acid.  The 
best  electrochemical  performance  is  achieved  using  a  mixture  of  sulfuric  acid  with  Ru02  •  0.5  H20  electrode 
material.  Our  ultracapacitors  exhibit  the  expected  linear  discharge  behavior  under  a  constant  current  drain, 
and  the  electrochemical  properties  of  these  cells  scale  proportionately  when  combined  in  parallel  and  series. 

Keywords:  laser  direct  write,  laser  micromachining,  MAPLE-DW,  microbattery,  electrochemical  capacitor, 
supercapacitor,  pseudocapacitor,  hydrous  ruthenium  oxide,  Ru02 

1.  INTRODUCTION 

High  capacitance  electrochemical  capacitors  have  been  studied  for  more  than  40  years,  yet  it  has  only  been  in 
last  decade  that  they  have  gained  widespread  attention.1’2  The  interest  in  these  systems  has  arisen  mainly 
from  commercial  applications,  such  as  electric  or  hybrid  powered  vehicles  or  power  backup  sources,  where  there 
is  a  need  for  energy  storage  systems  that  can  hold  relatively  large  amounts  of  energy  yet  deliver  it  in  short  pulses 
leading  to  high  power  output.3, 4  Conventional  parallel  plate  capacitors  can  deliver  high  power,  but  are  limited 
in  the  amount  of  energy  they  can  store.  Electrochemical  capacitors  provide  an  intermediate  range  of  power  and 
energy  between  parallel  plate  capacitors  and  conventional  batteries.  Hydrous  ruthenium  oxide  ultracapacitors 
are  a  type  of  electrochemical  capacitor  with  a  high  capacitance  due  to  the  rapid  double  insertion  and  release  of 
protons  and  electrons  in  the  active  material.2’ 5’ 6 

The  need  for  high  power  pulsed  energy  sources  is  also  important  in  the  development  of  micro-power  sources  for 
microelectronic  and  microelectronic  mechanical  systems  (MEMS).  Although  the  maximum  power  requirements 
for  pulsed  operations  are  typically  much  less  than  one  watt  per  square  centimeter,  this  low  output  power  is 
more  than  can  be  delivered  by  a  thin-film  microbattery.7, 8  Therefore,  the  development  of  hybrid  micro-power 
systems  that  incorporate  a  high  power  ultracapacitor  in  combination  with  a  microbattery  is  essential  for  the 
future  of  next  generation  micro-devices.9 

The  manufacture  of  thin-film  hydrous  ruthenium  oxide  ultracapacitors  is  difficult  due  to  the  complex  mate¬ 
rials  requirements  for  an  effective,  high  capacitance  power  source.5  The  most  advantageous  morphology  for  a 
high  capacity  ultracapacitor  is  a  permeable,  porous  structure  leading  to  a  large  effective  surface  area.1’2  The 
Ru02  xH20  system  has  the  additional  limitation  that  the  capacitance  of  the  material  depends  on  the  process¬ 
ing  temperature.6, 10, 11  These  aspects  of  morphological  constraints  and  processing  temperature  limitations,  in 
addition  to  the  presence  of  water  in  the  oxide  structure  have  made  Ru02  ■  x  H20  incompatible  with  standard 
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vacuum  techniques  for  thin  film  growth  such  as  physical  vapor  deposition.  Instead,  recent  studies  of  thin  film 
ultracapacitors  have  focused  on  the  development  of  anhydrous  metal  oxide  systems  deposited  by  sputtering.12 

We  overcome  the  difficulties  associated  with  the  deposition  of  hydrous  metal  oxide  films  by  using  a  laser 
direct  writing  technique,  Matrix  Assisted  Pulsed  Laser  Evaporation-Direct  Write  (MAPLE-DW).13'14  In  this 
technique,  an  “ink”  composed  of  a  sacrificial  liquid  matrix  (transfer  vehicle)  and  the  material  to  be  deposited 
(passenger  material)  is  laser  forward  transferred  to  a  substrate  below.  The  presence  of  a  the  liquid  enable  the 
deposited  film  to  flow  and  achieve  a  relatively  flat  and  pinhole-free  surface.  This  technique  produces  thin-films 
of  the  hydrous  material  with  the  desired  morphological  properties  without  the  need  for  high  temperature  or 
lithographic  processing  following  deposition.  Ultracapacitor  electrodes  are  shaped  from  the  deposited  film  using 
UV  laser  machining.15 

A  distinct  advantage  of  MAPLE-DW  is  the  ability  to  operate  under  ambient  conditions  to  deposit  a  mixture 
of  Ru02  •  0.5  H20  and  a  liquid  electrolyte.  This  technique  of  distributing  electrolyte  within  the  electrode  is 
commonly  used  in  the  production  of  larger  scale  electrochemical  power  sources,  but  it  is  not  possible  with 
other  thin  film  techniques  such  as  PVD,  CVD,  or  sol-gel  methods.  Additionally,  the  use  of  liquid  sulfuric 
acid  electrolyte,  as  opposed  to  solid-state  materials,  enables  higher  proton  conductivity  in  the  electrolyte  and 
enhances  ultracapacitor  properties.16 

In  this  paper,  we  describe  the  use  of  laser  processing  to  deposit  functional  planar  ultracapacitors  with 
energy  and  power  densities  commensurate  with  larger  power  sources.  We  capitalize  on  the  advantage  of  an 
ambient  process  to  study  the  influence  of  different  transfer  vehicles  and  find  that  sulfuric  acid  vehicles  produces 
ultracapacitors  with  the  best  electrochemical  properties.  Finally,  by  combining  the  ultracapacitors  in  parallel 
and  series,  we  are  able  to  achieve  proportionately  larger  capacitance  and  voltage,  respectively. 

2.  EXPERIMENTAL  PROCEDURES 

Thin  film  hydrous  ruthenium  oxide  planar  ultracapacitors  are  deposited  using  the  MAPLE-DW  technique 
previously  described  in  detail.13, 14  Figure  1  shows  a  schematic  of  the  experimental  approach.  We  transfer 
a  wet  ink  composed  of  a  liquid  vehicle  (ethylene  glycol,  glycerol  or  sulfuric  acid)  and  the  passenger  material 
(Ru02  •  0.5  H20).  Commercially  available  hydrated  ruthenium  oxide  powder  is  oven  heated  to  150  °C  for  18 
hours  to  yield  a  material  with  the  desired  water  content  of  0.5  mol  H20  per  mol  Ru02  for  optimal  charge 
storage.6,1'  This  ink  is  dispersed  on  a  quartz  plate  to  form  the  ribbon  depicted  in  figure  la.  A  frequency- 
tripled  Nd:YAG  laser  (A=355  nm)  is  used  to  irradiate  the  back  of  the  ribbon  inducing  a  forward  transfer  of 
material  to  a  substrate  100  pm  below'  the  ribbon. 
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Figure  1.  Schematic  of  MAPLE-DW  technique  (a)laser  forward  transfer  of  a  wet  “ink”  layer  for  film  deposition  (b)  UV 
laser  machining  of  film  to  form  isolated  electrodes.  The  two  ultracapacitor  cells  are  1  mm  x  2  mm  x  10  pm. 
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The  substrate  is  a  1  cm  x  1  cm  gold-coated  quartz  wafer  that  has  been  laser  machined  with  a  9  mm  “window 
pane”  structure  to  electrically  isolate  four  current  collector  pads  (figure  lb).  Hydrated  ruthenium  oxide  films 
1  mm  x  2  mm  x  10  /xm  are  deposited  to  span  across  the  machined  groove  in  the  gold.  A  line  is  then  laser 
machined  across  the  film  providing  a  symmetric  planar  ultracapacitor  with  0.5  mm  x  2  mm  x  10  /x m  electrodes. 
Two  such  ultracapacitors  are  deposited  on  each  substrate.  The  volume  of  each  ultracapacitor  is  2  x  10  ®  mL 
and  the  approximate  mass  is  50  yixg. 

The  excess  vehicle  deposited  in  the  Ru02  -0.5  H20  film  must  be  removed  prior  to  laser  machining  in  order  to 
obtain  sharp  interfaces.  When  we  use  organic  transfer  vehicles,  the  as-deposited  films  are  dried  on  a  hot  plate  at 
100  °C  for  10  minutes  prior  to  laser  machining.  After  the  films  are  machined,  the  remaining  vehicle  is  removed 
from  the  samples  by  heating  in  an  oven  at  5  °C/min  to  150  °C  and  held  for  3  hours.  For  films  deposited  with 
sulfuric  acid,  the  excess  vehicle  is  removed  by  IR  laser  irradiation  (A=1064nm)  and  the  final  bake  is  not  used. 

Electrochemical  evaluation  of  capacitance  and  charge-discharge  behavior  is  carried  out  using  a  potentiostat 
(EG&G  PAR  Model  263)  connected  to  a  probe  station.  The  ultracapacitors  are  encapsulated  in  Nation®  and 
submerged  in  0.5  M  H2S04  solution  during  testing.  Multiple  chronopotentiometry  steps  axe  used  to  charge  and 
discharge  the  ultracapacitors  between  0  and  1  V  in  a  two-electrode  configuration.  All  cells  were  charged  at  a 
constant  current  of  50  /xA  and  discharged  at  10,  50,  or  100  /x A. 

3.  RESULTS  AND  DISCUSSION 

Hydrous  ruthenium  oxide  films  deposited  and  processed  by  our  technique  exhibit  desirable  morphologic  qualities 
of  a  high  capacity  ultracapacitor.  Figure  2  shows  optical  and  electron  micrographs  of  the  deposited  material. 
The  optical  image  (figure  2a)  shows  we  are  able  to  deposit  uniform  films  of  Ru02  •  0.5  H20  which  are  laser 
machined  with  precision  (<  20  yum  groove).  Optical  examination  indicate  that  under  these  processing  conditions, 
there  is  no  large  scale  collateral  damage  to  the  area  surrounding  the  groove. 

Under  higher  magnification  with  SEM  (figure  2b, c),  the  deposited  thin  films  appear  highly  porous  throughout 
the  active  material,  regardless  of  the  transfer  vehicle  used.  The  porous  structure  remains  undamaged  by  UV 
laser  machining  in  the  region  near  the  machined  groove.  This  morphology  is  desirable  as  it  provides  a  large 
effective  surface  area  and  enables  the  electrolyte  to  easily  permeate  the  electrode.  This  provides  high  ionic 
transport  to  the  active  material  where  the  balance  between  protonic  and  electronic  conduction  mechanisms 
within  the  nanostructured  material  leads  to  the  high  capacitance  in  the  Ru02  •  0.5  H20  system.11  Since  Ru02 
is  a  metallic  conductor,  the  high  level  of  electrode  porosity  is  not  detrimental  to  the  electronic  transport. 


Figure  2.  Micrographs  of  deposited  Ru02  •  0.5  H20  thin-films  (a)  Optical  image  at  50x  magnification  showing  the  laser 
machined  groove  through  a  Ru02  •  0.5  H20  film,  (b)  SEM  image  of  electrode  at  20,000x  magnification,  (c)  SEM  image 
of  electrode  near  the  laser  machined  groove  (bottom  of  image)  magnified  3000x. 
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Figure  3.  10  pA  discharge  profile  of  RuC>2  •  0.5  H2O  ultracapacitors  deposited  using  three  different  transfer  vehicles; 
ethylene  glycol,  glycerol  and  sulfuric  acid.  Discharge  times  are  350,  400,  and  850  s  respectively. 


The  ultimate  test  for  any  of  our  ultracapacitors  is  the  electrical  response  of  the  power  source  and  its  ability 
to  store  and  deliver  charge.  Figure  3  shows  the  10/iA  chronopotentiometric  discharge  profiles  for  samples 
transferred  with  three  different  vehicles  (ethylene  glycol,  glycerol  and  sulfuric  acid  solutions).  In  all  cases,  the 
discharge  is  linear  as  expected  for  an  ideal  capacitor.  Samples  deposited  from  inks  containing  H2S04  exhibit 
the  longest  discharge  time,  850  s,  as  compared  to  those  deposited  from  glycerol  and  ethylene  glycol  based  inks 
that  last  400  and  350  s  respectively. 

A  constant  capacitance  is  justified  by  the  linear  discharge  behavior,  so  the  average  specific  capacitance  of 
the  sample  is  given  by 


IAt 

C ~  m&V'  <» 

where  I  is  the  constant  discharge  current,  At  is  the  total  discharge  time,  AV  is  the  maximum  potential  difference, 
and  m  is  the  mass  of  the  ultracapacitor,  including  the  electrolyte.  The  specific  energy,  e,  and  average  specific 
power,  p,  are  obtained  from  the  area  under  the  curve  by 

€=HVdt  <2> 


Table  1  shows  the  calculated  values  of  specific  capacitance,  specific  energy  and  specific  power  for  the  data 
shown  in  figure  3. 

When  the  discharge  current  is  increased  (figure  4),  the  specific  power  increases  while  the  specific  energy 
remains  unchanged.  The  discharge  time  for  a  ultracapacitor  deposited  with  a  sulfuric  acid  vehicle  varies  pro¬ 
portionately  under  10,  50,  and  100  pA  discharge  currents,  and  decreases  to  80  s  at  the  largest  current.  This 
corresponds  to  a  specific  power  of  nearly  1000  mW/g  and  a  specific  energy  of  21  mW/g.  Ultracapacitors  pre¬ 
pared  using  ethylene  glycol  and  glycerol  transfer  vehicles  exhibit  a  similar  scaling  behavior  with  correspondingly 
lower  specific  energy. 
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Table  1.  Calculated  values  of  specific  capacitance,  energy  density  and  average  power  using  equations  1-3  and  the  data 
shown  in  figure  3. 


Transfer 

Vehicle 

Specific 

Capacitance 

(F/g) 

Specific 

Energy 

(mWh/g) 

Specific 

Power 

(mW/g) 

H2SO4 

174 

23.0 

96.5 

Glycerol 

83.0 

10.4 

93.5 

Ethylene  Glycol 

69.5 

9.15 

96.3 

Figure  5  shows  a  Ragone  plot  with  typical  values  for  different  types  of  energy  storage  devices.3  The 
maximum  specific  power  for  our  RuC>2  •  0.5  H2O  cells  deposited  with  sulfuric  acid  is  represented  by  a  cross  on 
the  plot.  Our  ultracapacitors  exhibit  behavior  in  the  region  of  high  specific  energy  and  high  specific  power  for 
an  electrochemical  capacitor.  It  should  be  noted  that  the  main  source  of  uncertainty  in  our  measured  values 
for  specific  energy  and  power  arises  from  the  mass  determination. 

Ultracapacitors  transferred  using  a  sulfuric  acid  vehicle  exhibit  superior  electrochemical  characteristics  in 
comparison  to  those  deposited  using  organic  transfer  vehicles.  Typical  MAPLE-DW  depositions  make  use  of 
organic  vehicles  due  to  their  ease  in  handling  and  their  ability  to  make  stable  ink  formulations.  Sulfuric  acid  poses 
additional  challenges  to  the  processing  and  development  of  a  usable  formulation  due  to  its  high  acidity,  but  the 
advantages  in  energy  storage  outweigh  the  handling  difficulties.  We  believe  the  deleterious  effects  of  oxidation 
and  decomposition  of  residual  organics  in  the  presence  of  the  acidic  electrolyte  may  cause  contamination  to  the 
electrically  active  hydrous  ruthenium  oxide.  In  contrast,  the  use  of  a  sulfuric  acid  transfer  vehicle  precludes  the 
need  for  complete  removal  of  the  transfer  vehicle  thus  decreasing  the  possibility  for  contamination  of  our  active 
material  and  enabling  a  better  distribution  of  electrolyte  in  the  electrode. 


Figure  4.  Chronopotentiometry  of  RuC>2  0.5  H2O  ultracapacitors  for  sulfuric  acid  transfer  vehicle  at  10,  50  and  100  pA 
discharge  currents.  The  discharge  times  of  80,  160,  and  850  s  respectively  convert  to  the  specific  power  values  through 
equation  3. 
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Figure  5.  Ragone  plot  of  various  energy  storage  devices.3  The  cross  represent  our  data  from  ultracapacitors  deposited 
■with  a  sulfuric  acid  transfer  vehicle  and  a  discharge  current  of  100  fj.A. 


Figure  6.  Chronopotentiometry  of  RuC>2  •  0.5  H2O  ultracapacitors  for  sulfuric  acid  transfer  vehicle  at  10  A  discharge 
currents  on  two  cells  and  the  parallel  combination.  The  values  for  specific  capacitance  are  given  in  the  table. 
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Further  evidence  of  process  viability  is  demonstrated  when  the  ultracapacitors  are  connected  in  parallel 
and  series.  Figure  6  shows  10  pA  discharge  profiles  for  two  ultracapacitors  deposited  with  sulfuric  acid  and 
connected  in  parallel.  Again,  the  system  is  charged  to  1  V  and  the  discharge  curves  exhibit  linear  behavior. 
However,  this  parallel  configuration  has  an  extended  discharge  time  of  1660  s.  Calculations  show  the  specific 
capacitance  of  the  system  is  additive,  as  expected  for  capacitors  in  parallel,  while  the  specific  energy  reflects 
the  average  of  the  two  individual  cells. 

Ultracapacitor  cells  are  also  combined  in  series  to  increase  the  voltage  of  the  system.  In  this  case  (the 
data  is  not  shown  here),  the  system  is  charged  to  2  V  at  50  /xA.  Upon  discharge  at  10  /zA  to  0  V,  we  find 
the  specific  energy  and  specific  power  remain  essentially  unchanged.  The  calculation  of  capacitance  from  this 
system  exhibits  the  expected  inverse  addition  rules  of  series  capacitors. 

4.  SUMMARY 

We  have  demonstrated  that  a  laser  engineering  approach  is  a  viable  method  for  fabricating  mesoscale  ultraca¬ 
pacitors.  Ultracapacitors  of  hydrous  ruthenium  oxide  electrodes  and  sulfuric  acid  electrolyte  are  successfully 
produced  using  an  ambient  forward  laser  transfer  technique  (MAPLE-DW)  in  addition  to  UV  laser  machin¬ 
ing.  The  evaluation  of  two  different  organic  transfer  vehicles  and  sulfuric  acid  transfer  vehicle  indicates  that 
the  choice  of  sulfuric  acid  enhances  the  electrochemical  properties  of  the  ultracapacitors.  Configurations  of 
Ru02  •  0.5  H20  ultracapacitors  in  series  and  parallel  exhibit  the  expected  additive  behavior. 
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ABSTRACT 

The  use  of  direct-write  techniques  in  the  design  and  manufacture  of  sensor  devices  provides  a  flexible  approach  for  next 
generation  commercial  and  defense  sensor  applications.  Using  a  laser  forward  transfer  technique,  we  have  demonstrated  the 
ability  to  rapidly  prototype  temperature,  biological  and  chemical  sensor  devices.  This  process,  known  as  matrix  assisted 
pulsed  laser  evaporation  direct-write  or  MAPLE  DW  is  compatible  with  a  broad  class  of  materials  ranging  from  metals  and 
electronic  ceramics  to  chemoselective  polymers  and  biomaterials.  Various  types  of  miniature  sensor  designs  have  been 
fabricated  incorporating  different  materials  such  as  metals,  polymers,  biomaterials  or  composites  as  multilayers  or  discrete 
structures  on  a  single  substrate.  The  MAPLE  DW  process  is  computer  controlled  which  allows  the  sensor  design  to  be 
easily  modified  and  adapted  to  any  specific  application.  To  illustrate  the  potential  of  this  technique,  a  functional  chemical 
sensor  system  is  demonstrated  by  fabricating  all  the  passive  and  sensor  components  by  MAPLE  DW  on  a  polyimide 
substrate.  Additional  devices  fabricated  by  MAPLE  DW  including  biosensors  and  temperature  sensors  and  their 
performance  are  shown  to  illustrate  the  breadth  of  MAPLE  DW  and  how  this  technique  may  influence  current  and  future 
sensor  applications. 

Keywords:  MAPLE  Direct-Write,  Laser  Transfer,  Direct- Write  of  Sensor  Materials,  Temperature  Sensors,  Biological 
Sensors,  Chemical  Sensors,  Chemiresistor. 


1.  INTRODUCTION 

Current  trends  for  developing  advanced  electronic  and  sensor  systems  place  great  emphasis  in  achieving  performance  levels 
generally  associated  with  integrated  circuits.  This  requires  further  miniaturization,  while  enhancing  the  functionality  and 
reliability  of  existing  components.  It  also  requires  new  strategies  in  order  to  eliminate  the  long  lead  times  required  for  the 
fabrication  of  prototypes  and  evaluation  of  new  materials  and  designs.  In  particular,  for  chemical  and  biological  sensor 
development,  the  trend  is  toward  the  fabrication  of  micron  scale  devices  and  dense  array  platforms1. 

An  individual  chemical  or  biological  sensor  element  consists  of  a  transducer  or  substrate  coated  with  one  of  a  range  of 
sorbent  coating  materials  that  collect  the  analyte  of  interest  either  in  a  reversible  or  irreversible  binding  process. 
Physicochemical  changes  in  the  sorbent  coating,  as  a  result  of  analyte  binding  events,  are  monitored  and  converted  to 
electrical  signals  for  display  or  recording.  The  range  of  sorbent  materials  covers  a  plethora  of  types  and  properties  from 
simple  polymers  to  higher-ordered  biological  structures.  In  order  for  these  materials  to  perform  as  expected,  their  chemical 
and  structural  properties  must  remain  uncompromised  during  the  manufacture  of  the  sensor1.  In  addition  to  the  materials 
constraints,  current  commercial  and  military  applications  for  chemical  and  biological  sensors  require  systems  to  be  portable 
(hand-held  or  smaller  in  size)  so  that  analytical  measurements  can  be  made  in  the  field.  The  above  requirements  have 
pushed  traditional  manufacturing  techniques  to  their  limits.  Novel  fabrication  approaches  for  integrated  micron  sized  sensor 
elements  and  systems  are  required. 
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The  use  of  direct-write  techniques,  that  do  not  need  photolithographic  processing,  provide  a  solution  to  the  above 
constraints.  Direct-write  technologies  do  not  compete  with  photolithography  for  size  and  scale,  but  rather  add  a 
complementary  tool  for  specific  applications  requiring  rapid  turnaround  and/or  pattern  iteration,  conformal  patterning,  or 
for  modeling  difficult  circuits2.  Examples  of  direct-write  technologies  for  fabricating  or  modifying  metallic  interconnects 
and/or  other  electronic  passive  elements  include  ink  jet  printing3,  direct-write  of  ceramic  slurries  (Micropen©)4,  laser 
trimming  and  laser  chemical  vapor  deposition  (LCVD)6.  However,  none  of  the  above  techniques  is  capable  of  operating  in 
air  and  at  room  temperature  while  maintaining  sub- 10  m  resolution  and  without  requiring  ex  sitii  processing.  Furthermore, 
multiple  techniques  are  necessary  to  deposit  and  process  the  broad  classes  of  materials  employed  in  electronic  and  sensor 
applications. 

Over  the  past  decade,  various  laser-based  direct-write  techniques  have  been  developed  for  depositing  different  types  of 
materials  such  as  metals  for  interconnects  and  mask  repair.  More  recently,  a  new  laser-based  direct-write  technique,  called 
MAPLE  DW,  for  Matrix-Assisted  Pulsed-Laser  Evaporation  Direct-Write,  has  been  used  for  the  direct-write  of  conformal 
electronic  devices  10,  phosphor  materials11,  microbatteries1213  and  even  viable  biomaterials14’15.  In  this  paper,  the  use  of  the 
MAPLE  DW  technique  for  the  fabrication  of  temperature,  biological  and  chemical  sensors  is  described.  We  compare  the 
performance  of  chemiresistor  gas  sensors  made  by  spray  coating  and  by  MAPLE  DW.  Finally,  we  demonstrate  a  complete 
chemical  sensor  system  fabricated  by  MAPLE  DW 


2.  BACKGROUND 

MAPLE  DW,  is  a  laser-based  processing  technique  that  was  originally  developed  to  fabricate  and  rapidly  prototype 
mesoscopic  electronic  devices  utilizing  matrices  containing  metallic,  dielectric  or  resistive  materials6.  This  approach, 
however,  is  gentle  enough  to  successfully  form  patterns  and  three-dimensional  structures  of  a  wide  variety  of  organics, 
including  chemically  sensitive  polymers,  active  proteins  and  antibodies  as  well  as  viable  cells1415. 

MAPLE  DW  involves  the  forward  transfer  of  materials  from  a  UV  transparent  support  to  a  receiving  substrate.  The 
transfers  are  performed  by  mixing  the  active,  or  sensitive  material  in  a  UV-absorbent  matrix  to  form  an  “ink”.  The  ink  is 
then  applied  to  the  UV-transparent  support  to  form  the  “ribbon”  as  shown  in  Figure  1.  A  focused  UV  laser  pulse  is  directed 
through  the  backside  of  the  ribbon  so  that  the  laser  energy  interacts  with  the  matrix  at  the  support  interface.  The  UV 
microscope  objective  that  focuses  the  laser  at  the  interface  also  serves  as  an  optical  guide  to  determine  the  region  of  the 
ribbon  to  be  transferred.  Layers  of  matrix  near  the  support  interface  evaporate  due  to  localized  heating  from  the  laser- 
material  interaction.  This  vaporization  releases 
the  remaining  ink  by  gently  and  uniformly 
propelling  it  away  from  the  support.  In  this 
manner,  MAPLE  DW  is  capable  of  producing 
passive  electronic  devices  (i.e.,  interconnects, 
resistors,  capacitors)  with  line  widths  of  the  order 
of  10  microns.  By  removing  the  ribbon  and 
allowing  the  laser  pulse  to  interact  with  the 
substrate,  this  approach  is  also  able  to 
micromachine  channels  and  through  vias  into 
polymer,  semiconductor,  and  metal  surfaces  as 
well  as  trim  deposited  structures  to  meet  design 
specifications.  All  micromachining  and  material 
transfer  can  be  controlled  by  computer 
(CAD/CAM),  which  enables  this  tool  to  rapidly 
fabricate  complex  structures  without  the  aid  of 
masks  or  moulds.  This  technique,  therefore,  has 
the  potential  to  fabricate  by  a  single  tool, 
complete  prototype  systems  on  a  single  substrate 
including  the  sensor  coating,  transducer,  support 
electronics  and  even  the  microbatteries  required  Figure  1.  Schematic  diagram  illustrating  the  MAPLE  DW  process.  Inset:  the 
to  power  the  whole  system.  same  setup  can  be  used  for  micromachining  with  the  ribbon  removed. 
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3.  EXPERIMENTAL 


3.1  MAPLE  DW  Ribbon  Preparation 

Borosilicate  glass  discs,  double  side  polished,  5.0  cm  diameter  x  3mm  thick  were  used  as  ribbon  supports.  For  the 
fabrication  of  the  temperature  sensors,  a  screen  printable  silver  paste  (Parmod  RRA-100,  from  Paralec,  Inc.)  was  applied  to 
one  side  of  the  discs  using  a  #4  wire-coater  (Gardner,  Inc.)  to  form  an  ink  layer  about  15  m  thick.  For  the  fabrication  of 
the  biosensor,  a  paste  containing  polyphenol  oxidase,  graphite  and  mineral  oil  was  applied  using  the  same  wire-coater.  In 
the  case  of  the  chemical  sensors,  the  ribbons  were  prepared  by  spray  coating  a  solution  containing  0.1  gm  of 
polyepichlorohydrin  (PECH,  average  Mw  =  700000,  Aldrich)  and  0.01  gm  of  acetylene  carbon  black  (Alfa)  mixed  in  50  ml 
of  chloroform.  The  coated  side  of  the  ribbons  was  kept  at  a  distance  of  100-200  m  from  the  substrate  with  a  spacer.  Both 
the  substrate  and  the  ribbon  were  held  in  place  using  a  vacuum  chuck  over  the  X-Y  substrate  translation  stage.  The  third 
harmonic  emission  of  a  Nd:YAG  laser,  X  =  355  nm  (Spectra  Physics),  was  directed  through  a  circular  aperture  and  a  lOx 
objective  lens,  resulting  in  a  85  pm  diameter  spot  at  the  ribbon.  The  laser  fluence  varied  between  0.1  -  1.0  J/cm  depending 
on  the  material  being  transferred,  and  was  estimated  by  averaging  the  total  energy  of  the  incident  beam  over  the  irradiated 
area. 

3.2  Temperature  sensor  fabrication  and  testing 

Silver  conductive  lines  were  transferred  by  MAPLE  DW  onto  polyimide  substrates  and  used  as  temperature  sensors.  The 
length  and  layout  of  the  lines  was  easily  modified  via  computer  control  in  order  to  achieve  ~  10-pm  thick  and  ~  100-fim 
wide  patterns.  The  silver  ink  was  dried  at  100  °C  on  a  hot  plate  to  remove  excess  solvent  and  then  cured  at  280  °C  in  an 
oven  for  10  min  to  decompose  the  organic  silver  precursors  in  order  to  form  conductive  patterns.  These  patterns  in  the  form 
of  serpentine  lines  were  evaluated  as  temperature  sensors  by  comparing  their  response  to  that  of  a  type  K  thermocouple. 
One  of  the  MAPLE  DW  serpentine  patterns  and  a  thermocouple  were  mounted  next  to  each  other  and  exposed  to  heat 
pulses  generated  by  a  heat  gun  over  a  temperature  range  of  24  to  60  °C.  The  resistance  of  the  serpentine  was  measured  as  a 
function  of  time  using  a  computer  controlled  34401 A  digital  multimeter  (Agilent). 

3.3  Biosensor  fabrication  and  testing 

A  2  mm  x  2  mm  pad  containing  the  biosensor  mixture  of  polyphenol  oxidase/mineral  oil/graphite  was  deposited  by 
MAPLE  DW  over  Pt  electrodes  on  a  polyimide  substrate.  The  resulting  biosensor  was  immersed  in  a  cathecol/water 
solution  in  order  to  measure  the  current  generated  across  the  Pt  electrodes  by  the  electrochemical  reaction  between  the 
polyphenol  oxidase  and  the  cathecol.  Details  of  the  measurement  are  provided  elsewhere14.  Cyclic  voltammetry 
measurements  were  performed  using  a  PAR  263  potentiostat  (EG&G)  driven  with  M270  software. 

3.4  Chemical  sensor  fabrication  and  testing 

For  the  chemical  sensors,  1  mm  x  4  mm  pads  of  PECH/carbon  were  deposited  by  MAPLE  DW  over  silver  interdigitated 
electrodes.  To  verify  the  operation  of  the  MAPLE  DW  sensors,  similar  pads  of  PECH/carbon  were  spray  coated  onto  a 
second  set  of  silver  electrodes.  The  silver  electrodes  were  deposited  by  MAPLE  DW  onto  polyimide  substrates  in  the  same 
way  as  the  serpentine  lines.  The  response  of  the  PECH/carbon  sensors  was  evaluated  by  exposing  them  to  controlled 
exposures  of  toluene  and  dimethylmethylphosphonate  (DMMP)  vapor  streams.  The  carrier  air  temperature  and  humidity 
were  controlled  with  a  Miller  Nelson  HCS-301  air-humidity  generator.  An  automated  Harvard  22  liquid  syringe  pump 
system  was  utilized  to  generate  analyte  vapor  by  injecting  the  liquid  analyte  into  a  heated  evaporation  plate  system.  The 
resulting  vapor  was  mixed  with  humidified  carrier  air  and  passed  into  a  test  chamber  housing  the  chemical  sensors.  The  test 
chamber  consisted  of  a  hermetic  enclosure  with  opposite  inlet  and  outlet  gas  ports,  to  allow  vapor  flow  over  the  sensors. 
The  chemical  integrity  of  the  PECH  polymer  transfers  was  verified  by  FTIR  using  a  Magna-IR  750  spectrophotometer 
(Nicolet).  The  spectra  from  4  mm  x  4  mm  pads  of  pure  PECH  (no  carbon)  deposited  by  MAPLE  DW  onto  NaCl  discs  was 
compared  to  that  of  a  PECH  films  spray  coated  from  a  solution  of  PECH  in  chloroform. 
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4.  RESULTS  AND  DISCUSSION 


4.1  Temperature  sensors 


Physical  sensors  are  essential  for  many  aspects  of  manufacturing,  medical  and  condition-based  maintenance  applications. 
These  and  other  uses  are  pushing  the  development  of  physical  sensors  towards  increased  miniaturization  and  their 
integration  within  the  physical  structure  of  a  part  or  component.  However,  most  manufacturing  processes  are  incapable  of 
fabricating  embedded  sensors  and  instead  the  sensors  are  attached  to  the  component  being  monitored.  Due  to  the  fragile 
nature  of  most  sensor  transducers,  these  tend  to  fail  prematurely.  Direct-write  processes  offer  the  ability  to  fabricate  robust 
physical  sensors  embedded  within  the  physical  part  in  order  to  gather  information  regarding  temperature,  pressure,  stress, 
torque,  acceleration,  wear,  humidity,  pH,  etc.  Such  types  of  embedded  physical  sensors  would  find  numerous  uses  for 
applications  ranging  from  determining  when  a  helicopter  rotor  shaft  needs  replacement  to  in  situ  monitoring  with  a  surgical 
catheter. 


Using  MAPLE  DW,  we  have  demonstrated  a  simple  temperature  sensor  on  a  polyimide  substrate.  A  silver  serpentine  line 
about  10  cm  long,  occupying  a  5  mm  x  5  mm  area  and  with  a  resistance  of  about  100  ohms  was  made  by  MAPLE  DW  as 
shown  in  Figure  2(a).  The  variation  in  resistance  as  a  function  of  temperature  was  calibrated  against  a  type  K  thermocouple 
resulting  on  a  R/  T  of  0.21  ohms/K  for  the  sensor  element.  The  response  of  the  MAPLE  DW  temperature  sensor  to  a  heat 
pulse  from  a  heat  gun  mirrored  that  of  an  adjacent  thermocouple  and  it  is  shown  in  Figure  2(b). 


Figure  2.  (a)  Photograph  of  a  temperature  sensor  made  by  MAPLE  DW  of  a  silver  serpentine  line  on  a  polyimide  substrate,  (b) 

Response  of  this  sensor  to  a  heat  pulse. 


4.2  Dopamine  biosensor 

Wu  et  al.14  demonstrated  the  fabrication  of  a  simple 
amperometric  biosensor  for  the  detection  of  the  neurotransmitter 
dopamine  (a  cathecol  derivative)  using  MAPLE  DW.  The  sensor 
operates  due  to  the  oxidation  of  dopamine  to  dopamine  quinone 
in  the  presence  of  polyphenol  oxidase.  The  reaction  is 
electrochemically  reversible  in  the  presence  of  a  suitable  voltage 
across  the  electrodes,  resulting  in  a  current  proportional  to  the 
dopamine  concentration.  The  MAPLE  DW  transferred 
polyphenol  oxidase/mineral  oil/graphite  pad  is  robust.  The 
sensor  does  not  show  any  signs  of  delamination  or  dissolution 
after  several  hours  of  operation  immersed  in  an  aqueous 
solution,  indicative  of  good  adhesion  and  inmobilization.  Figure 
3  shows  a  photograph  of  the  biosensor  element. 


Polyphenol  oxidase/ 
mineral  oil/graphite  pad 
made  by  MAPLE  DW 


Pt  electrode 


Figure  3.  Amperometric  biosensor  made  by  MAPLE  DW 
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4.3  Chemiresistor  gas  sensors 


By  using  dispersions  of  conductive  materials  such  as  carbon  and 
non-conductive  chemoselective  polymers,  gas  sensors  based  on 
conductimetric  techniques16,17  can  be  fabricated.  In  the  correct 
ratio,  the  polymer/carbon  composite  becomes  conductive  and  its 
resistance  will  change  when  exposed  to  different  vapors,  as  shown 
schematically  in  Figure  4.  These  types  of  chemical  sensors  are 
known  as  chemiresistors  and  are  extremely  simple  to  operate  and 
ideally  suited  for  miniaturization  and  manufacture  in  array  form. 
For  this  work,  PECH  was  selected  since  it  is  a  polymer  with  a 
range  of  solubilities  to  numerous  analytes,  making  it  well  suited  for 
the  fabrication  of  chemical  gas  sensors  with  broad  applicability  to 
a  variety  of  different  types  of  analytes. 
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Figure  4.  Schematic  showing  the  basic  operation  of  a 
chemiresistor  gas  sensor. 


In  order  to  determine  if  the  chemical  structure  of  the  PECH  polymer  was  affected  by  the  MAPLE  DW  process,  we 
compared  the  FTIR  spectra  of  PECH  films  deposited  by  MAPLE  DW  and  by  spray  coating  onto  NaCl  substrates.  The 
FTIR  spectra  of  the  spray  coated  PECH  and  MAPLE  DW  PECH  are  essentially  identical  with  very  similar  stretching 
frequencies  and  absorbance  ratios  as  shown  in  Figure  5. 


3500  3000  2500  2000  1500  1000 

Wavenumber  (cm-1) 


Figure  5.  FTIR  spectra  from  PECH  films  made  by  spray  coating  (bulk  PECH)  and  by  MAPLE  DW  on  NaCl  substrates. 
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Figure  6  shows  a  micrograph  of  a  typical  PECH/carbon 
chemoresistive  pad  fabricated  by  MAPLE  DW  across  a 
set  of  silver  interdigitated  electrodes  also  made  by 
MAPLE  DW  on  a  polyimide  substrate.  In  order  to 
evaluate  the  performance  of  the  chemiresistors  made  by 
MAPLE  DW,  similar  PECH/carbon  pads  were  fabricated 
by  spray  coating  and  placed  side  by  side  and  exposed  to 
calibrated  concentrations  of  analyte  vapors.  Toluene  and 
DMMP  were  used  as  anlytes.  Toluene  and  DMMP  cover 
a  range  of  solubility  properties  from  a  low  polarity 
hydrocarbon  to  a  polar  and  hydrogen-bond  basic 
phosphonate  ester.  Toluene  is  a  chemical  present  in  diesel 
vapor,  while  DMMP  is  a  simulant  and  precursor  for 
chemical  nerve  agents.  The  results  of  the  vapors  tests 
indicated  that  the  response  of  the  MAPLE  DW  and  that  of 


the  spray  coated  chemiresistors  were  similar  and  showed  sensitivities  of  the  order  of  parts  per  million  (ppm).  The  response 
of  both  chemoresisitors  when  exposed  to  various  concentrations  of  toluene  and  DMMP  vapors  are  shown  in  Figure  7. 


5 


4 


1 


0  1000  2000  3000  4000  5000  6000  7000 

Time  (s) 


0  2000  4000  6000  8000  10000  12000 

Time  (s) 


Figure  7.  Response  of  a  spray  coated  and  a  MAPLE  DW  PECH/carbon  chemiresistor  sensors  to  various  concentrations  of  (a)  toluene 
and  (b)  DMMP  vapors.  The  spikes  on  the  toluene  response  signals  are  due  to  the  syringe  pump  system  used  to  generate  the 

calibrated  vapor  exposures. 


The  real  potential  of  MAPLE  DW  is  made  clear  when  a  complete  sensor  system  consisting  of  a  single  sensor  element, 
interconnects  and  passive  electronic  components  is  fabricated  using  this  laser  direct-write  technique.  An  actual  working 
example  is  provided  in  Figure  8  which  shows  a  photograph  of  a  complete  self  contained  chemical  sensor  system 
manufactured  on  a  5cm  x  5  cm  polyimide  substrate.  The  majority  of  the  components  shown  on  this  image,  including  the 
chemiresistor,  the  Ag  interconnects  and  the  polymer  thick  film  resistors,  but  not  the  LED’s  and  the  4-quad  comparator  IC 
(which  were  soldered  to  the  circuit  afterwards),  were  fabricated  by  MAPLE  DW.  Future  plans  include  the  fabrication  of 
multiple  sensor  elements  in  the  form  of  arrays  and  the  addition  of  microbatteries  all  made  by  MAPLE  DW. 


5.  SUMMARY 

MAPLE  DW  is  an  ideal  process  for  the  direct-write  of  sensors  since  it  operates  in  air  and  at  low  temperatures.  It  is 
compatible  with  many  types  of  substrates  and  conditions  which  are  ideal  for  the  processing  of  numerous  physical,  chemical 
and  biological  sensor  materials.  MAPLE  DW  has  been  used  for  rapid  prototyping  of  custom-engineered  physical, 
biological  and  chemical  sensors  in  various  types  of  geometries.  The  versatility  and  CAD/CAM  features  of  the  MAPLE 
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DW  technique  allow  sensor  elements  and  complete  sensor  systems  to  be  easily  reconfigured  and  integrated  with  other 
components.  Furthermore,  in  the  case  of  chemiresistive  gas  chemical  sensors,  this  work  shows  that  the  performance  of  the 
MAPLE  DW  sensor  elements  is  comparable  to  that  of  similar  sensors  made  by  traditional  manufacturing  techniques. 


2.5  cm 

Figure  8.  Photograph  of  a  working  chemiresistor  sensor  system  made  by  MAPLE  DW.  The  photograph  shows 
all  the  elements  of  the  sensor  except  for  the  batteries  which  are  mounted  on  the  back. 
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ABSTRACT 

A  prototype  workstation  has  been  developed  that  allows  the  fabrication  of  passive  electronic 
components  at  low  temperatures  using  a  laser  direct-write  process.  The  work  station  combines  a  variety  of 
laser  processing  techniques  onto  a  single,  integrated  platform.  These  techniques  include  material 
deposition,  laser  micromachining,  laser  sintering,  and  laser  trimming.  One  particular  process,  referred  to  as 
“mill  and  fill”,  combines  the  laser  micromachining  ability  of  the  tool  with  “off-the-shelf’  conductor  pastes 
to  allow  the  fabrication  of  high  density  metallization  at  very  low  temperatures  (200°C).  The  present  work 
describes  the  details  of  the  “mill  and  fill”  process  and  shows  examples  of  prototype  devices  fabricated 
using  this  technique. 

1.  INTRODUCTION 

This  tool  was  designed  primarily  for  rapid  prototyping  and  small  scale  production  of  electronic 
circuits.  To  this  end,  the  tool  is  based  entirely  on  direct  write  processes  that  do  not  require  masks, 
phototools,  resists,  developers,  wet  chemical  etchants,  or  electroplating.  As  a  result,  this  machine  not  only 
reduces  circuit  fabrication  time,  but  also  allows  circuit  design  changes  to  be  made  through  the  software  and 
applied  immediately  to  a  device  under  fabrication.  A  high  resolution,  “through-the-lens”  imaging  system 
guarantees  accurate  registration  of  features  with  respect  to  pre-exsisting  patterns.  In  this  way,  a  circuit 
design  can  be  modified  and  fabricated  in  a  matter  of  hours,  rather  than  days. 

This  tool  combines  several  different  laser  based  functions  onto  a  single,  integrated  platform.  This 
integrated  platform  allows  both  additive  and  subtractive  patterning  techniques  to  be  employed  with  only 
minor  adjustment  of  the  machine.  Additionally,  a  long  pulse  or  CW  infrared  laser  can  be  delivered  to  the 
sample  for  thermal  processing. 

The  subtractive  processes  employed  are  standard  laser  micromachining  techniques.  These 
techniques  can  be  used  to  trim  previously  patterned  components,  pattern  continuous  layers,  drill  vias,  mill 
grooves  and  recesses,  and  to  excise  components  or  complete  circuits.1 

Two  additive  processes  have  been  widely  demonstrated  with  this  machine.  The  first,  “Matrix 
Assisted  Pulsed  Laser  Evaporation-  Direct  Write”  (MAPLE-DW)2,  involves  dispersing  a  material  on  a 
transparent  backing  sheet  called  a  “ribbon”,  holding  the  ribbon  in  close  proximity  to  a  receiving  substrate, 
and  irradiating  the  ribbon  with  a  short  pulse  UV  laser.  The  laser  vaporizes  a  small  volume  of  material  at 
the  interface,  propelling  the  remaining  material  toward  the  receiving  substrate.  Patterning  is  accomplished 
by  scanning  the  laser  beam,  translating  the  substrate,  or  a  combination  of  the  two.  The  details  of  this 
process  can  be  found  elsewhere.3  The  MAPLE-DW  process  has  been  used  to  pattern  a  wide  variety  of 
materials  including  silver,  copper,  high-k  dielectric,  low  loss  dielectric,  “cermet”  resistor,  polymer  thick 
film  (PTF)  pastes,  phosphors,  and  even  five  cells.4,5 

A  second  additive  patterning  process  is  referred  to  as  “mill  and  fill”,  and  is  the  primary  subject  of 
this  paper.  This  process  involves  the  micromachining  of  an  appropriate  pattern  of  grooves  and  recesses 
into  the  surface  of  the  substrate.  These  features  are  then  filled  with  a  specific  material  in  the  form  of  a 
paste  or  “ink”.  The  excess  material  is  then  removed  using  a  squeegee.  The  substrate,  with  filled  features, 
is  then  thermally  processed,  typically  by  oven  baking.  This  process  is  illustrated  schematically  in  figure  1. 
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Figure  1.  Schematic  diagram  of  the  “mill  and  fill”  process. 


2.  RESULTS 

The  initial  work  on  this  process  was  done  using  silver  inks  or  pastes  deposited  on  polyimide  foils. 
Polyimide  was  chosen  as  the  substrate  material  for  several  reasons.  Polyimide  has  excellent  electrical 
properties  (resistivity,  dielectric  strength,  dielectric  constant,  etc.)  and  is  widely  used  in  the 
microelectronics  industry,  especially  in  the  areas  of  “flex-circuits”  and  medical  devices.  Polyimide  ablates 
easily  with  a  short  pulse  UV  laser6.  The  tool  can  create  micron  scale  features  with  relatively  smooth  and 
clean  surfaces.  Micron  or  even  sub-micron  scale  depth  control  can  be  achieved  over  the  entire  substrate 
area.  Finally,  polyimide  substrates  can  withstand  temperatures  as  high  as  400°C,  a  processing  temperature 
that  is  compatible  with  several  off-the-shelf  paste  materials. 

A  wide  variety  of  samples  have  been  fabricated  on  polyimide  using  this  process1-3.  Most 
of  these  samples  were  filled  using  Parelec  Parmod®  silver,  dried  at  100°C  for  15  minutes,  and  baked  at 
350°C  for  30  minutes.  Silver  conductors  fabricated  in  this  manner  have  resistivities  as  low  as  5  |xQ«cm,  or 
3.1  times  that  of  bulk  silver.  Conducting  lines  baked  at  350°C  adhered  well  to  the  polyimide  substrate, 
passing  the  “Scotch  tape”  test  and  the  “#2  pencil  test”.  Because  the  finished  layers  are  nearly  planar,  they 
are  easily  laminated  together.  This  permits  the  fabrication  of  multi-layer  structures  with  both  blind  and 
through  vias.  The  view  “through-the-lens”  capability  of  the  tool  simplifies  the  alignment  and  registration 
of  subsequent  conducting  layers  and  vias.  Figure  2  shows  an  example  of  such  a  multi-layer  structure.  This 
sample  is  a  “daisy-chain”,  with  conductors  on  three  separate  layers,  which  have  been  laminated  and 
interconnected  with  blind  vias. 


Figure  2.  A  three  layer  “Daisy-chain”  structure  of  silver  conductor  on  laminated  polyimide. 
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Figure  3.  Conformal  metallization  on  a  polyimide  tube. 

One  of  the  advantages  of  the  mill  and  fill  process  is  its  ability  to  create  conformal  circuitry. 
Conformal  circuitry  can  be  produced  by  patterning  a  planar,  flexible  substrate  which  is  subsequently  bent 
or  rolled  into  its  final  shape.  However,  this  process  is  also  capable  of  creating  conformal  metallization 
directly  on  non-planar  surfaces,  provided  the  surfaces  are  regular  and  smooth.  This  conformal  ability  is 
demonstrated  by  the  patterned  metallization  of  a  1.4  mm  diameter  polyimide  tube,  shown  if  figure  3. 
Although  more  complex  three-dimensional  surfaces  can  be  patterned  using  this  technique,  the  squeegee 
process  generally  requires  creative  solutions  in  order  to  remove  the  excess  ink  from  the  surface. 


Front  Back 


Figure  4.  A  contact  redistribution  layer  made  by  “mill  and  fill”  on  a  polyimide  foil. 


In  order  to  demonstrate  the  fabrication  of  complex  conductor  patterns  at  low  temperature,  we  have 
fabricated  contact  redistribution  layers  on  polyimide  and  on  a  low  temperature  polymer  laminate.  Figure  4 
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shows  the  front  and  back  sides  of  one  sample  on  a  polyimide  foil.  The  features  on  the  front  side  of  the 
sample,  including  vias,  were  machined  first.  The  conducting  traces  and  vias  were  then  filled  with  Parelec 
Parmod®  silver,  dried  at  100°C  for  15  minutes,  and  baked  at  200°C  for  30  minutes.  The  sample  was  then 
re-mounted  on  the  machine,  back  side  up,  and  registered  using  the  vision  system.  The  features  in  the  back 
side  were  then  machined  and  filled  with  the  same  silver  composition  and  subjected  to  the  same  baking 
cycle.  The  resistivity  of  the  resulting  silver  lines  was  approximately  6.5  |i£2»cm,  or  4.1  times  that  of  bulk 
silver. 

The  same  pattern  was  then  fabricated  on  a  low  temperature,  laminated,  polymer  substrate,  shown 
in  figure  5.  The  polymer  substrate  was  such  that  the  maximum  processing  temperature  was  limited  to 
220°C.  Normally,  the  metallization  of  this  type  of  low  temperature  substrate  would  require  the  use  of 
photo-resists,  projection  or  contact  masks,  electro-plating,  and  wet  chemical  etch.  Because  this  device  was 
still  in  the  prototyping  phase,  the  mill  and  fill  process  was  considered  as  an  alternative  technique  in  order  to 
minimize  “turn  around”  time  and  simplify  design  modifications. 


Front  Back 

Figure  5.  A  contact  redistribution  layer  made  by  “mill  and  fill”  on  a  polymer  laminate. 


The  substrate  consisted  of  a  2  mil  copper  layer,  with  pre-drilled  12  mil  vias,  sandwiched  between 
two  5  mil  layers  of  polymer.  The  conductors  were  15  to  20  pm  deep  and  2  mil  wide  with  2  mil  spaces  to 
the  closest  adjacent  line.  The  through  vias  were  7  mils  in  diameter.  The  via  pattern  was  registered  with 
respect  to  the  pre-drilled  12  mil  vias  such  that  the  conductors  remain  electrically  isolated  from  the  copper 
layer.  The  traces  on  the  front  side  and  the  through  vias  were  machined  first.  The  front  side  pattern  and 
through  vias  were  then  filled  and  dried.  The  sample  was  then  re-mounted  and  registered  in  order  to 
machine  the  backside  pattern.  The  filling  and  drying  steps  were  then  repeated  to  complete  the  backside. 
The  sample  baked  only  once  at  200°C  in  order  to  minimize  any  heat  effects  on  the  polymer  substrate.  The 
resulting  silver  traces  had  resistances  of  several  tenths  of  an  ohm  and  maintained  good  adhesion  to  the 
polymer  substrate  even  when  the  substrate  was  flexed  to  the  point  that  the  polymer  layers  fractured. 


3.  CONCLUSION 

The  “mill  and  fill”  technique  allows  the  patterning  of  high  density  interconnects  at  very  low 
temperatures  and  is  therefore  ideal  for  the  rapid  prototyping  of  circuits  on  polymer  substrates.  When 
combined  with  the  other  functions  of  our  tool,  such  as  MAPLE-DW  deposition,  laser  sintering,  and  laser 
trimming,  it  yields  a  system  capable  of  patterning  a  wide  variety  of  materials  with  micron  scale  resolution, 
on  a  wide  variety  of  substrates. 
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Abstract 

Failure  analysis  has  come  to  play  a  key  role  in 
ensuring  quality  and  reliability  in  semiconductor 
devices,  associated  packaging  and  printed  wiring 
boards.  Tools  are  increasingly  available  to  those 
investigating  high-density  integrated  circuits  at 
the  die  level,  particularly  for  edit  and  repair 
operations.  Until  recently  however,  this 
capability  has  been  limited  by  the  inherent  low- 
resolution  mechanical/manual  processes  used  for 
destructive  analysis  on  electronics  packaging.  A 
laser-based  tool  has  been  developed  to 
selectively  and  locally  enable  access  to  traces 
and  layers  within  packages  and  provide  a  way  to 
perform  edits  to  an  area  of  interest. 

Introduction 

Failure  Analysis  (FA)  serves  a  number  of 
purposes,  including  the  reduction  of  in-service 
failures  and  the  collection  of  data  to  form  design 
rules  for  future  products.  It  is  widely  noted  in 
the  FA  industry  that  current  challenges  are 
exceeding  the  capabilities  of  available  tools  [1]. 
Here  we  explore  the  application  of  laser 
micromachining  to  FA  sample  preparation  and 
destructive  evaluation. 

Laser  Micromachining  System 

Laser  micromachining  offers  increased  accuracy 
over  mechanical  or  hand  processing,  it  is 
typically  most  useful  and  cost-effective  for 
features  in  the  2-200pm  range.  Further,  with 
innovative  optical  configurations,  the  laser  beam 
profile  can  be  altered  in-situ  to  allow  low- 
fluence,  fine  delayering  with  micron-level 
resolution,  or  high-fluence  coarse  cutting  for 
package  cross-sectioning  and  other  milling 
operations. 


DEPACK  is  a  commercially  available  Laser 
Micromachining  system  designed  specifically  for 
failure  analysis  operations.  The  system  can 
micro  machine,  or  delayer  organic  packaging 
with  depth  and  spatial  resolutions  of  l-2pm  and 
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Figure  1  Potomac  DEPACK  Micromachining  System 


with  its  coaxial  optics,  offers  in-situ  machine 
vision  feedback  of  the  process.  The  system 
accepts  CAD  inputs,  so  delayering  can  be 
confined  to  the  region  immediately  around  a 
fault,  as  opposed  to  Reactive  Ion  Etching  (RIE) 
where,  unless  complex  masks  are  used,  the 
delayering  becomes  global.  With  in-situ 
adjustability,  delayering  can  be  either  selective 
or  non-selective,  allowing  preservation  of  metal 
traces  within  a  package  or  penetration  through 
metal  to  access  deeper  buried  features. 
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The  system  is  comprised  of  two  lasers,  a  short 
pulse  (20-30nsec)  UV  laser  and  a  continuous 
wave  (CW)  infrared  (IR)  laser,  beam  delivery 
optics  and  scanning  head,  computer  controlled 
stages,  and  application-specific  software  [2], 
The  UV  laser  enables  localized  micromachining 
of  organic  and  ceramic  packaging  materials, 
while  the  IR  laser  enables  precise  soldering  of 
fine  wires  to  metal  traces  within  a  package  for 
testing  and  fault  isolation.  Further,  the  machine 
has  the  capability  of  directly  depositing  passive 
component  materials  by  laser  forward  transfer 
[3],  for  localized  editing  of  circuits. 

Experimental  Approach 

Several  defective  flip-chip  organic  land  grid 
array  (OLGA)  packages  [4],  were  de-processed 
using  laser  micro  machining.  The  goal  was  to 
ascertain  whether  micro  machining  could 
enhance  the  accuracy  and  efficiency  of 
destructive  processing. 

Delayering 

Reactive  ion  etching  (RIE)  is  commonly  used  for 
organic  package  delayering.  However,  RIE  is 
limited  in  two  ways.  Unless  masks  are 
employed  RIE  is  a  global  process,  forcing  the 
operator  to  remove  a  complete  package  layer. 
Also,  RIE  systems,  as  typically  found  in  F/A  labs 
are  not  capable  of  penetrating  planar  metal  layers 
without  the  addition  of  hazardous  gases  such  as 


Figure  2  OLGA  package  with  solder  mask 
removed  by  laser  delayering.  Trace  widths 
are  25  pm. 


chlorine,  making  investigation  under  such  layers 
very  difficult. 

Figure  2  shows  how  laser  micro  machining 
techniques  developed  at  Potomac  Photonics  [2] 
make  possible  localized  delayering,  reducing  the 


destructive  impact  of  the  process.  Figures  3  and 
4  show  how,  with  minor  in-situ  adjustments  in 
laser  beam  profile  [5],  the  machining  process 
will  either  preserve  or  remove  planar  metal 
layers  for  localized  access  to  all  layers  within  the 
multi-layer  organic  land  grid  array  (OLGA) 
packages  used  in  this  study.  For  these  packages, 
removal  rates  on  the  order  of  l-2pm/shot  were 
obtained  with  a  30pm2  spot.  In  delayering  mode, 
laser  pulses  can  be  synchronized  to  stage  motion. 

Power  shorting  failure  mechanism  can  occur  in 
flip-chip  (and  other)  devices  and  packaging  [6]. 
This  delayering  and  editing  method  can  be  used 
to  access  and  repair  such  shorts.  In  figure  5,  first 
and  second  level  metallizations  were  exposed  for 
accessing  a  plane-to-plane  short  in  the  area 
shown  between  the  two  layers.  Because  the 
delayering  in  this  case  was  localized  and  copper 
metal  traces  were  preserved,  electrical  testing 
could  continue  on  this  device  after  the  short  was 
repaired. 


Figure  3  Backside  delayering 
with  Cu  traces  exposed 


Figure  4  Backside  delayering 
in  similar  region  with  Cu 
traces  milled  away  to  expose 
the  CU  plane  below. 


Figure  5  Top  metal  layer  layer  accessed  with  2nd 
metal  layer  left  intact  Trace  widths  are  25pm. 
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Cross  Sectioning 

Cross-section  cuts  allow  significantly  better 
access  to  buried  faults,  such  as  delamination, 
interconnect  voids  and  solder  bump  defects. 
Clearly,  it  is  desirable  to  study  these  faults  in  a 
non-destructive  manner.  However,  in  many 
cases  it  is  necessary  to  surgically  examine  the 
defect  of  fault  to  fully  understand  the  root  cause 
of  a  failure,  getting  as  close  as  possible  to  a 
defect  without  destroying  it  [6,7], 

Collateral  damage  associated  with  the  laser  cut 
was  also  low  relative  to  traditional  X-sectioning 
methods  such  as  diamond  saw  cuts,  mechanical 
milling  or  grinding.  Cut  kerf  widths  for  these 
1mm  fiber  reinforced  packages  were 
approximately  50pm.  Cuts  were  within  5pm  (in 
X  and  Y  axes)  of  the  defect  region  without 
additional  processing.  Removal  rates  in  cross- 
section  mode  were  as  high  as  lOOpm/pass.  Total 
processing  time  was  <10min.  Once  cross- 
sectioned,  the  part  was  turned  on  edge  and  using 
delayer  mode,  micro  machined  at  l-2pm  per  pass 
to  expose  the  defect  region. 


Figure  6  Package  cross  section  cut  using  typical  diamond 
X-sectioning  blade 


DEPACK  Laser  routine 


Edit-Repair 

Focused  ion  beam  (FIB)  systems  are  used  in 
product  development  and  yield  enhancement  to 
deprocess  silicon  integrated  circuits  [8].  The 
DEPACK  system  performs  the  same  basic 
function  as  FIB  except  it  does  it  on  the 
packaging,  and  edits  as  well  by  adding  metal  or 
dielectric  using  the  laser  direct-write  capability 
of  the  upgraded  system.  The  tool  used  in  our 
experiments  was  implemented  with  an  infrared 
laser  to  allow  laser-assisted  soldering  of  metal 
wires  to  points  within  a  package  exposed  by  the 
micromachining  process. 

With  micromanipulators,  a  wire  was  positioned 
and  soldered  to  a  thru-hole  connection,  as  shown 
in  Figure  8.  We  see  this  as  a  first  step  in 
duplicating  FIB  capabilities  for  IC’s  at  the 
package  level,  allowing  the  repair  of  open 
circuits,  signal  redistribution  and  simplifying 
connections  to  a  package  for  electrical  test. 


Figure  8  Cu  wire  laser  soldered  to  PWB  via.  Via  is 
400pm  DIA. 

Summary 

We  have  shown  that  Ultraviolet  laser  micro 
machining  is  useful  for  failure  analysis 
operations,  such  as  organic  package  delayering 
and  cross-sectioning.  When  combined  with 
infrared  laser-assisted  soldering,  the  tool  can  be 
used  for  circuit  edits,  including  signal 
redistribution  and  repair  of  open  circuits.  Once 
faults  are  localized,  laser  micro  machining 
provides  high-  resolution  access  for  any  further 
analysis.  This  tool  is  capable  of  penetrating 
planar  metal  layers  and  lands  where  current  RIE 
systems  cannot.  Cross  section  cutting  of  1mm 
orgamc/fiber  reinforced  packages  is  also  possible 
with  50pm  kerf  widths,  positional  accuracy  of 
+/-  5  microns  and  low  collateral  damage.  The 
DEPACK  system  combines  several  key 
capabilities,  which  had  previously  been 
unavailable  all  in  one  tool. 
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The  standard  DEPACK  system  can  be  expanded 
with  additional  hardware  capabilities  to  duplicate 
the  separate  direct-write  deposition  equipment 
capabilities  outlined  here  [3]. 
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The  potential  of  ultra-short  laser  pulses  (<10  ps) 
in  future  material  processing: 

“mode-locked  Ti:sapphire”  vs.  “q-switch  Nd:YAG“  applications. 

David  Ashkenasi, 

Laser-  und  Medizin-Technologie  GmbH,  Berlin,  Germany; 

ABSTRACT 

This  paper  discusses  possible  potentials  of  ultra  short  laser  pulses  in  the  pulse  width  range  <10  picosecond  from  the 
perspective  of  laser  micro  processing.  With  the  problems  involved  generating  ultra  short  laser  pulses  at  high  average 
power  it  will  be  shown,  that  the  most  successful  applications  performed  with  ultra  short  pulse  technology  is  associated 
with  problems,  where  the  precise  energy  localization  plays  a  crucial  role.  The  discussion  is  based  on  laser  processing 
examples  from  the  application  laboratory  at  the  LMTB  GmbH  comparing  applications  using  q-switch  Nd:YAG  lasers 
with  nanosecond  pulse  widths  (and  an  average  power  between  10  and  100  W)  and  mode-locked,  amplified  Ti:sapphire 
lasers  (average  power  <  1  W). 


Keywords:  laser  processing,  micro  structuring,  short  and  ultra-short  pulses,  tungsten,  aluminum  nitrite,  transparent 
dielectrics,  thin  films. 


1.  INTRODUCTION 

The  availability  of  ultra  short,  sub-ps,  pulsed  lasers  has  stimulated  a  growing  interest  in  exploiting  the  enhanced 
flexibility  of  femtosecond  technology  for  micro-machining.  Ultra  short  laser  pulses  (USLP)  offer  a  variety  of  advantages 
for  precision  micro-fabrication.  Due  to  lower  energetic  thresholds  for  sub-picosecond  ablation  and  the  controllability  of 
individual  laser  pulses  (e.g.  by  laser  pulse  duration)  the  amount  of  energy  deposited  into  the  processed  sample  can  be 
minimized  and  highly  localized.  This  leads  to  a  reduction  of  unwanted  thermal  effects,  a  minimization  of  energy 
diffusion,  so  that  very  clean  microstructures  can  be  achieved  with  optimized  pulses.  Also  non-linear  optical  effects  may 
be  exploited.  Self-focusing  due  to  the  non-linear  optical  Kerr  effect  may  be  used  to  induce  long,  narrow  3d-modification 
traces  into  the  bulk  of  wide  band-gap  materials.  Long,  micrometer  thin  channels  can  be  also  drilled  taking  advantage  of 
the  high  ablation  rates  and  low  heat  deposition  when  employing  USLP.1-2 

However,  there  are  a  few  important  drawbacks  to  be  considered  presently,  trying  to  implement  ultra  short  pulse 
technology  for  wide  spread  laser  processing,  such  as  micro  structuring  or  high  aspect  hole  drilling.  Presently,  most  laser 
systems  capable  of  generating  USLP  are  accompanied  with  certain  disadvantages  compared  to  industrial  q-switch 
Nd:YAG  lasers  generating  ns  pulses:  they  usually  do  not  allow  “turn-key”  operation  (although  this  problem  is  being 
solved),  they  have  a  fairly  complicated  and  costly  design  (especially  during  the  proto-type  stages),  and,  most 
importantly,  a  direct  amplification  of  USLP  is  very  difficult.  The  damage  threshold  limit  of  the  optical  elements  for  high 
peak  intensities  is  a  very  challenging  task  to  overcome.  Present  ultra  fast  laser  systems  are  typically  limited  to  average 
powers  of  1W  at  a  repetition  rate  of  usually  1  kHz,  leading  to  single  pulse  energy  near  1  mJ.  For  pulse  widths  above 
several  ps,  energy  amplification  is  less  difficult  because  of  the  comparatively  lower  peak  powers  involved.  However, 
even  considering  the  newest  commercial  laser  developments  for  ps  applications  with  average  powers  over  20  W,3  the 
high  repetition  rates  of  80  MHz  or  even  160  MHz  limit  the  single  pulse  energies  of  the  IR  laser  pulses  to  100  to  200  nJ 
per  pulse.  A  q-switch  Nd:YAG  laser  system  generating  ns  laser  pulses  with  an  average  power  of  10  W  to  50  W  (or  even 
200  W)  at  10  kHz  repetition  rate  and  single  pulse  energies  over  10  mJ  is  readily  available  for  diffraction  limited 
processing  in  industrial  applications.  Based  on  present  laser  systems  generating  USLP  at  limited  average  power  and 
relatively  high  costs,  an  intensive  discussion  is  to  be  observed  on  the  question  if  USLP  can  manifest  itself  an  important 
alternative  in  material  processing?  This  paper  discusses  this  problem  by  presenting  potential  applications  for  ns  laser 
pulses  and  USLP,  at  which  the  energy  localization  and  a  minimal  heat  affected  zone  will  play  a  crucial  role  in  micro 
processing. 
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2.  MICRO  PROCESSING  USING  Q-SWITCH  Nd:YAG  LASERS 


Micro  processing  with  solid  state  lasers  is  typically  conducted  in  a  direct  writing  alignment.  The  laser  beam  is  focused 
down  to  the  pm  range  to  provide  optimal  spatial  energy  localization.  Diffraction  limited  processing  suggests  a  very  good 
beam  quality,  i.e.  TEMoo  mode  output.  This  can  be  easily  provided  with  Nd:YAG  laser  systems  at  moderate  average 
powers  of  10  W  and  above.  With  the  implementation  of  diode  lasers  pumping  the  solid  state  rods,  and  driven  by 
innovative  resonator  design,  the  average  power  for  diffraction  limited  applications  is  constantly  being  shifted  to  higher 
levels,  even  above  200  W.  High  average  power  at  sufficient  single  pulse  energy  is  an  important  factor  for  industrial 
applications,  since  it  determines  the  processing  speed  and  therefore  the  cost  factor  for  any  laser  based  batch  production. 
However,  most  applications  can  be  addressed  at  lower  laser  average  powers.  Fig.  1  demonstrates  this  for  laser  micro 
welding  and  drilling  of  a  thin  stainless  steel  tube,  e.g.  for  medical  applications.  The  micro  welding  of  the  tube  end  was 
conducted  in  cw  mode  of  the  10  W  Nd:YAG  single  rod  laser  in  TEMoo  mode.  Afterwards,  the  100  pm  thin  wall  was 
laser  drilled  (single  sided)  using  the  100  ns  laser  pulses  generated  in  the  q-switch  technique  of  the  identical  laser  system, 
where  the  laser  beam  was  focused  to  a  spot  size  of  ca.  30  pm. 


Fig.  1:  Far  left  microscope  picture  depicts 
the  side  cut  analysis  after  laser  micro 
welding  of  a  300  pm  thin  stainless  steal 
tube  (left  edge).  Other  microscope  picture 
illustrates  the  same  tube  with  a  40  pm  hole 
laser  drilled  close  to  the  micro  welded  end. 


Another  example  of  laser  micro  processing  is 
illustrated  in  Fig.  2.  Tungsten  foils  with  a  thickness 
of  150  pm  were  laser  cut  using  100  ns  laser  pulses 
at  an  average  power  below  10  W  and  a  repetition 
rate  of  1.5  kHz.  The  example  shown  in  Fig.  2 
represents  the  company  logo  of  laser  and  medical 
technology  LMTB  GmbH  at  a  size  of  1  mm2.  The 
high  precision  achievable  with  ns  laser  pulses  is 
demonstrated  in  the  zoom  microscope  pictures  in 
Fig.  2b  and  c.  The  CAD  design  is  translated  into 
the  CNC  program  for  the  sample  and  optical 
moving  stages.  Special  care  was  taken  in  the 
choice  of  beam  polarization  in  respect  to  the 
direction  of  sample  movement  and  in  the  supply  of 
processing  gas.  The  laser  cut  tungsten  foil  can  be 
utilized  for  projection  processing,  as  demonstrated 
in  the  result  of  Fig.  2d.  The  company  logo  in  Fig. 
2a  was  used  as  projection  mask  and  illuminated 
with  the  light  of  an  excimer  laser  at  a  wavelength 
of  248  nm.  The  projection  scaling  was  approx. 
1:12.  The  ablated  feature  on  the  tungsten  sample 
can  be  characterized  as  a  micro  tag  in  Fig.  2d  and 
scales  only  140x140  pm2. 


Fig.  2:  a-c)  Tungsten  foil  with  a  thickness  of  150  pm  laser  cut  in 
focusing  alignment.  Laser  parameters  set  as  following:  wavelength  =  1.06 
pm,  pulse  width  =  100  ns,  repetition  rate  =  1.5  kHz.  d)  tungsten  foil  of 
fig.  2a)  mask  projected  1:12  on  a  different  tungsten  sample  using  excimer 
laser  light  at  248  nm. 
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For  most  processing  applications  with  metals,  the  wavelength  of  1.06  pm  is  adequate  for  micro  structuring  tasks,  such  as 
micro  drilling.  In  the  case  of  copper,  for  example,  the  processing  at  the  2.  harmonic  yielding  a  wavelength  of  532  nm 
ensures  an  enhanced  photon  penetration  and  suggests  a  higher  processing  efficiency,  even  taking  the  ca.  50  %  loss  in  the 
average  power  into  account.4  For  the  most  dielectric  materials,  glass,  crystals,  polymers  and  ceramics,  the  linear 
absorption  characteristics  yield  a  fairly  high  penetration  depth  for  laser  light  in  the  visible  and  infrared  spectral  range. 
Laser  processing  of  these  materials  with  is  usually  performed  in  the  ultraviolet,  e.g.  355  or  266  nm.  For  the  high  aspect 
drilling  of  micro  holes  in  aluminum  oxide  (ALO3)  and  aluminim  nitrite  (AIN)  the  following  results  demonstrate  that  a 
high  localization  in  a  shallow  depth  is  not  necessarily  essential.  The  laser  beam  of  a  master  oscillator  power  amplifier 
(MOPA)  Nd:YAG  laser  system5  was  focused  down  to  a  diameter  of  80  pm  (1/e2)  onto  the  surface  of  the  ceramic 
samples.  Laser  processing  was  performed  with  a  burst  of  40  laser  pulses  at  a  100  Hz  rate,  leading  to  a  average  repetition 
rate  of  4  kHz.  The  laser  pulse  width  of  120  ns  is  comparable  to  the  situation  described  earlier.  Several  ceramic  plates  of 
250  pm  thickness  each  were  stacked  to  receive  a  total  sample  thickness  of  20  mm.  The  laser  drilling  experiments  were 
performed  in  normal  air.  The  holes  of  the  front  and  rear  side  of  every  ceramic  plate  was  measured  to  obtain  the  drilling 
performance  throughout  the  channel.  Fig.  3  compares  the  drilling  performance  in  A1203  and  AIN  for  different  fluence 
levels.  The  aspect  ratios  obtained  at  an  average  hole  diameter  of  100  pm  are  1:100  and  higher.  The  processing  time  in 
AIN  for  the  first  10  mm  hole  depth  was  only  8s.  At  higher  depths  the  ablation  rate  falls  almost  exponentially  leading  to 
ca.  120  s  for  the  16  mm  hole  depth.  Similar  results  were  obtained  for  stainless  steel  and  copper.  Further  laser  micro 
drilling  investigations  with  the  MOPA  laser  system  are  performed  in  our  laboratory  to  determine,  if  this  high  aspect  ratio 
can  be  obtained  for  smaller  hole  diameters,  such  as  50  pm  and  smaller. 
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Fig.  3:  High  aspect  ratio  drilling  of  long  holes  in  ceramic  materials  -  AIN  and  AbO,  -  at  different  fluence  levels-  31  5, 61  and  122 
J/cm2. 
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3.  MICRO  PROCESSING  USING  ULTRA  SHORT  LASER  PULSES 

The  availability  of  ultra  short  laser  pulses  (USLP)  has  stimulated  a  growing  interest  in  exploiting  the  enhanced 
flexibility  of  femtosecond  technology  for  micro-machining.  USLP  offer  a  variety  of  advantages  for  precision  micro- 
fabrication.  Due  to  lower  energetic  thresholds  for  sub-picosecond  ablation6,7  and  the  controllability  of  individual  laser 
pulses  (e.g.  by  laser  pulse  duration)  the  amount  of  energy  deposited  into  the  processed  sample  can  be  minimized.  This 
leads  to  a  reduction  of  unwanted  thermal  effects,  due  to  a  minimization  of  energy  diffusion,  that  may  be  exploited  for 
micro  processing  of  materials. 

Well  defined  localization  of  photon  energy  is  crucial  for  high  quality  removal  of  a  thin  layers  on  a  substrate.  Selective 
removal  of  only  one  layer  on  a  multi-layer  system  is  even  more  challenging.  And  this  is  more  true  if  these  layers  are 
transparent.  The  successful  selective  laser-induced  removal  of  thin  transparent  layers  is  reported  in  this  proceedings. 
Fig.  4  depicts  an  example  of  indium  tin  oxide  (ITO)  removed  from  the  glass  substrate  using  3  ps  laser  pulses  at  a 
wavelength  of  800  nm.  The  fairly  well-defined  edges  of  the  resulting  150  nm  deep  groove  is  outlined  by  a  rim  with  of 
thin  wall  with  a  curl  of  only  20  nm.  A  further  improvement  in  quality  was  observed  after  using  sub-ps  laser  pulses  at 
equal  wavelength.  Using  UV  laser  pulses  at  a  pulse  width  in  the  ns  range  yields  a  curl  of  several  100  nm  to  1  pm.  This  is 
not  adequate  for  most  applications,  although  C02  snow  cleaning  as  additional  processing  step  may  reduce  this  problem. 


innovative  laser  surface  processing:  transparent  films  on  glass 
substrate  (1  Wfs/ps  laser  system,  1  kHz,  IR) 


Fig.  4:  Schematic  illustration  of  the  initial  condition  concerning  selective  laser-induced  removal  of  single  transparent  layer  in  a 
multi-layer  system  (left).  Atomic  force  analysis  of  laser  removed  ITO  layer  from  the  glass  substrate  using  3  ps  laser  pulses  at  800  nm 
wavelength  (right). 
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Atomic  force  analysis  of  the  laser  processed  ITO  layer  reveal  the  following  situation:  at  a  fluence  of  <  2  J/cm2  the  first 
shot  roughens  the  surface.  The  second  shot  initiates  the  ablation,  additional  shots  removes  the  remaining  ITO  from  the 
glass  surface.  The  AFM  profile  analysis  suggests  a  Unear  increase  of  ablated  volume  with  increasing  fluence.  In  other 
words,  applying  USLP  at  800  nm  even  enables  a  partial  removal  of  the  150  nm  thin  ITO  layer,  and  this  highly 
reproducible.  Since  the  Unear  absorption  coefficient  for  ITO  at  800  nm  is  <  1  %,  non  Unear  excitation  is  responsible  for 
the  high  locaUzing  of  photon  energy,  comparable  to  metal  case. 

Bulk  micro  processing  of  transparent  materials  with  USLP  can  differ  strongly  from  similar  applications  using  ns  laser 
pulses,  where  laser-induced  plasma  generation  is  accompanied  by  macroscopic  cracking  of  the  material.  Typical 
appUcations  using  ns  laser  pulses  for  glass  Uke  materials  are  sub-surface  marking  or  decorative  “art-work”  inside  the 
bulk,  which  are  easily  observable  with  the  naked  eye  due  to  the  generation  of  more  or  less  large  stray  centers.9  The 
picture  changes  completely  when  USLP  are  focused  inside  the  bulk  of  transparent  dielectrics.  The  plasma  generation, 
i-e-  the  laser-induced  concentration  of  free  electrons,  can  be  Umited  below  damage  threshold  in  appUcations  using 
USLP.  In  this  case  mutU-photon  ionization  plays  a  more  dominate  role  compared  to  avalanche  ionization.  Therefore, 
the  energy  impact  into  the  material  can  be  controlled  in  a  way  without  indorsing  the  traditional  dielectric  breakdown. 
This  advantage  of  USLP  is  utiUzed  to  write  wave  guide  Uke  structures  inside  bulk  fused  siUca  and  other  transparent 
materials.11 


The  microscope  picture  in  Fig.  5  illustrates  an  array  of 
micro-traces,  each  spaced  ca.  5  pm  inside  a  thin  glass 
plate,  which  were  generated  by  (tightly)  focused  laser 
pulses  of  200  fs  pulse  duration  and  5  pj  single  energy  with 
a  micro-objective  at  a  focal  length  of  5  mm  inside  the 
sample.  The  micro-traces,  which  closely  resemble  the 
documented  wave  guide  structures,  are  ca.  1  pm  in 
diameter  (top  view).  Using  a  less  tight  focusing 
arrangement,  any  form  of  visible  bulk  modifications  in  this 
glass  was  not  observed,  although  the  fluence  in  the  focus 
was  estimated  to  be  far  above  bulk  damage  threshold.  For 
example,  using  a  lens  of  30  mm  focal  length  strong  super 
continuum  generation  at  200  fs  laser  pulses  was  observed, 
however,  no  sign  of  irreversible  changes  inside  the 
material.  This  changed  completely  using  2  ps  laser  pulses 
at  which  bulk  modifications  were  located  even  with  lenses 
of  much  longer  focal  length.  The  traces  generated  under 
the  ps  laser  pulses  were  broader  (compared  to  the  example 
in  Fig.  10)  and  did  not  remain  at  a  constant  depth. 
Compared  to  fs  laser  pulses,  laser-induced  bulk  processing 
with  ps  pulses  in  glass  and  a-Si02  can  be  performed  using 
less  tight  focusing  arrangements,  however,  incubation 
effects  seem  to  be  of  higher  importance.12  Laser  bulk 


Fig.  5:  Top  microscope  picture  of  small  vertical  and 
horizontal  micro-traces  10  and  5  pm  apart,  respectively, 
inside  a  0.5  mm  thick  glass  substrate.  Each  ..grating  line" 
was  generated  by  focusing  200  fs  laser  pulses  at  5  pJ  energy 
inside  the  sample  with  a  micro-objective  of  approximately 
5  mm  focal  length.  The  processing  velocity  of  the  sample  in 
the  above  case  was  0.3  mm/s  at  a  laser  repetition  rate  of 
1  kHz. 


processing  with  fs  laser  pulses  demonstrate  in  most  cases  visible  single-shot  modification,  if  the  localization  of  photon 
energy  inside  the  material  was  not  hindered  by  strong  defocusing  effects,  such  as  super  continuum  generation. 


Even  if  the  laser  beam  of  USLP  is  focused  onto  the  front  surface  of  the  sample  damage  can  develop  inside  the  bulk  at 
laser  fluence  levels  far  below  the  surface  damage  threshold.  Due  to  the  self-focusing  of  the  laser  beam  inside  a  media 
with  positive  Kerr-coefficient  the  fluence  increases  until  bulk  damage  threshold  is  reached.  The  depth  at  which  damage 
occurs  can  be  controlled  by  adjusting  either  pulse  energy  or  pulse  duration,  as  discussed  in  detail  for  fused  silica.13  This 
provides  the  possibility  not  only  to  generate  three  dimensional  structures  inside  the  bulk  without  altering  front  and  rear 
surface,  but  also  to  generate  micro  holes  only  on  the  rear  side.14 
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4.  DISCUSSION 


This  paper  confined  the  comparison  of  applications  using  q-switch  and  mode-locked  laser  systems  on  a  wavelength 
range  in  the  infrared.  In  both  cases,  transformation  into  shorter  wavelengths  is  of  course  easily  available,  yielding  a 
variety  of  different  pulse  widths  -  wavelengths  combinations.  While  for  USLP  linear  optical  absorption  processes  may 
be  of  less  importance,  the  choice  in  wavelength  for  ns  material  processing  is  of  greater  significance  in  those  cases,  where 
the  optical  penetration  depth  is  to  be  minimized.  This  alone,  however,  does  not  ensure  the  necessary  localization  of 
energy  in  the  material  due  to  diffusion  processes  and  phase  transformations  in  the  time  frame  of  the  laser-material 
interaction.  Fig.  6  outlines  some  of  the  most  important  contributions  in  laser-material  interaction  for  e.g.  laser-induced 
processing.  Basically,  a  division  into  three  main  mechanisms  describes  the  interaction  and  forthcoming  processes  in 
different  time  domains.  Photon  excitation  of  the  electronic  systems  occurs  almost  instantaneously,  leading  to  generation 
of  “hot”  electrons  in  a  “cold”  lattice.  During  interaction  with  USLP  (equaling  a  pulse  width  <  10  ps,  as  defined  in  this 
paper)  the  lattice  temperature  remains  below  electron  temperature.  The  electron-phonon  coupling  strength  characterizes 
the  energy  transfer  dynamics  into  the  lattice.  For  metals,  the  electron-phonon  coupling  is  much  weaker  than  for 
dielectrics,  therefore,  the  energy  transfer  needs  more  time  to  reach  an  equilibrium  stage  between  electron  and  phonon 
system.  There  are  laser-induced  effects  that  are  observed  with  ps  and  even  sub-ps  dynamics,  much  earlier  than  any 
thermal  reaction  is  expected  to  occur.  Defect  formation  in  dielectrics  such  as  self-trapped  excitons  yield  transient  energy 
levels  in  a  sub-ps  time  scale,  e.g.  only  150  fs  for  fused  silica.  Another  “non-thermal”  effect  is  the  with  USLP  induced 
ultra  fast  phase  transformation  in  sub-ps  reaction  time  for  semi-conductors  and  perhaps  also  for  metals.  Recently,  it  has 
been  demonstrated  that  a  pronounced  surface  ionization  of  a  dielectric  surface  leads  to  “non-thermal”  Coulomb 
explosion  with  an  ablation  depth  of  ca.  3  nm.15'16  Of  course,  these  “non-thermal”  processes  are  eventually  superimposed 
by  thermal  material  reactions,  such  as  phase  explosion,  normal  boiling  and  normal  vaporization.  The  significance  of 
each  individual  “non-thermal”  ablation  processes,  however,  can  be  to  some  part  controlled  by  the  choice  of  pulse  width 
and  other  laser  parameters  such  as  laser  repetition  rate.  Investigations  using  pulse  shaping  technology  to  provide  a  train 
of  USLP  with  THz  repetition  rate  is  a  very  promising  approach  to  control  the  excitation  mechanism  and  forthcoming 
effects.17 
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Fig.  6:  Schematic  illustration  of  the  different  mechanism  involved  in  laser-material-interaction,  electron  excitation,  energy  transfer, 
and  material  reaction,  relative  to  the  expected  dynamic  range,  taking  (theoretical)  laser  repetition  rates  into  account. 
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Part  of  the  absorbed  laser  energy  is  not  carried  out  by  the  ablated  material  but  remains  within  the  material.  As  indicated, 
diffusion  mechanisms  play  an  additional  dominant  role  in  defining  the  actual  energy  localization  in  the  lattice.  This  loss 
mechanism  will  account  for  much  of  the  obtained  heat  affected  zone  outside  the  laser  irradiated  area.  In  metals,  for 
example,  a  large  energy  loss  contribution  can  be  attributed  to  the  diffusion  of  hot  and  ballistic  electrons,  reducing  the 
significance  of  USLP  for  metal  processing.  The  formation  of  a  liquid  phase  is  important  for  micro  welding  applications. 
However,  it  is  in  many  cases  a  very  substantial  problem  in  laser-metal  interaction  with  laser  pulses  in  the  ns  pulse  width 
range  and  above.  Single  USLP  will  not  interact  with  a  thermally  activated  liquid  phase.  However,  processing  at  high 
repetition  rate  this  effect  may  gain  in  significance,  if  the  liquid  phase  remains  in  the  zone  of  irradiance.  Another  effect 
contributing  to  the  amount  of  energy  remaining  in  the  material  is  the  development  of  a  shock  wave  that  can  have  a  very 
negative  influence  on  the  processing  quality,  especially  for  brittle  material.  The  shock  wave  contribution  gains  with 
reduced  pulse  width  and  is  especially  strong  for  ns  laser  pulses.  For  USLP,  however,  theoretical  and  experimental 
studies  suggest  that  the  shock  wave  introduced  in  the  interaction  zone  does  not  couple  very  well  with  the  environment 
and  therefore  remains  a  very  local  effect.18 

In  drilling  deep  holes,  plasma  and  cluster  formation  can  interact  with  USLP  even  at  a  very  moderate  repetition  rate.  It  is 
unclear,  if  the  nature  of  the  laser-induced  plasma  inside  a  deep  laser  drilled  hole  differs  in  USLP  from  ns  pulse  width 
applications.  Investigations  in  this  field  are  important  to  access  possible  advantages  of  USLP  applications,  where  a 
massive  amount  of  material  has  to  be  removed.  Provided  USLP  can  be  readily  generated  at  an  average  power  of  ca. 
100  W  (at  a  high  quality  spatial  beam  profile)  in  the  near  future,  there  is  still  some  skepticism,  if  femtosecond 
technology  will  be  implemented  for  this  kind  of  industrial  applications. 


5.  SUMMARY 

This  paper  compares  material  processing  using  q-switch  and  mode-locked  laser  systems  based  on  chosen  examples  of 
applications,  where  ns  and  ultra  short  laser  pulses  demonstrate  their  highest  potential  for  wide  spread  industrial 
applications.  The  application  laboratories  for  applied  laser  technology  at  the  LMTB  GmbH  understands  its  role  as 
independent  service  institution  for  laser  micro  processing,  interfacing  between  laser  system  development  and  industrial 
production.  In  near  future,  q-switch  solid  state  lasers  may  play  a  dominate  role  in  micro  processing,  e.g.  micro 
structuring  of  metals  and  for  high  speed  channel  drilling  applications,  where  high  average  powers  are  essential.  On  the 
other  hand,  certain  applications  can  not  be  accomplished  with  ns  laser  pulses,  either  due  to  the  peak  power  necessary  to 
induce  intensity  relevant  effects  or  based  on  possible  stringent  initial  conditions  concerning  the  energy  localization.  The 
laser  processing  of  thin  transparent  layers  and  3d  bulk  micro  structuring  of  transparent  materials  to  generate  complex 
functional  optical  devises  are  only  two  examples  demonstrating  the  potential  of  USLP  in  present  and  future  applications. 
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ABSTRACT 

The  material  processing  results  of  an  industrial,  short-pulse  duration  (~15ns)  DPPS  YAG  laser  producing  peak 
powers  greater  then  0.2MW  is  discussed  in  this  paper.  This  peak  power  provides  sufficient  materials  processing 
capability  to  meet  the  micro  machining  needs  in  the  automotive,  semiconductor,  micro-electronic,  medical  and 
telecommunication  industries.  All  hard  and  soft  materials  including:  plastics,  metals,  ceramics,  diamond  and  other 
crystalline  materials  are  suitable  candidates  for  the  processing  capability  of  this  laser.  Micron  level  features  can  be 
machined  in  these  materials  to  a  depth  in  excess  of  1mm  with  high  quality  results.  In  most  applications  feature  sizes 
can  be  achieved  that  are  not  possible  or  economical  with  existing  technologies.  The  optical  beam  delivery  system 
requirements,  and  overall  micro-machining  set-up  are  also  described.  The  drilling  and  cutting  versatility  down  to 
feature  sizes  of  less  then  7um,  as  well  as,  complex  shapes  are  shown.  The  wavelength,  pulselength,  and  peakpower 
are  described  and  related  to  their  effect  on  recast,  micro-cracking  and  material  removal  rates.  Material  removal 
effects  related  to  progressive  penetration  into  the  material  will  be  reviewed.  The  requirements  of  thi  DPSS  laser 
technology  to  meet  the  operational  requirements  for  high  duty  cycle  operation  in  industrial  environments  is  covered 
along  with  processing  flexibility  and  lower  operating  cost. 


INTRODUCTION 

The  laser  was  invented  in  1960  and  ever  since  a  significant  effort  has  been  devoted  to  investigate  the  materials 
processing  capability  of  various  types  of  lasers  and  wavelengths.  In  recent  years  the  use  of  UV  excimer  lasers  have 
demonstrated  excellent  photo-ablation  capability  for  micro-fabrication  applications  in  a  wide  range  of  materials. 
Lately  however,  diode  pumped  solid  state  Nd:YAG  lasers  that  also  operate  in  the  IR  at  1064,  Green  at  532  nm  and 
UV  at  355  nm  has  come  on  the  market.  These  lasers  produce  higher  pulse  rates  and  superior  beam  quality 
(M'<  1 ,3)resulting  in  the  ability  to  drill  and  cut  hard  and  soft  materials  like  plastics,  and  Polyamides.  The  effects  of 
laser  parameters  such  as  pulse  length,  energy  density,  wavelength  and  beam  quality,  have  been  examined  for  thei 
effects  on  the  micro-fabrication  process,  in  an  effort  to  find  the  most  efficient  conditions  *'3.  As  the  marketplace  see 
the  introduction  of  new  products,  technology  continues  to  expand  as  these  increasingly  more  complex  devices 
emerge  and  the  challenges  for  cost  effective  manufacturing  need  to  be  met. 


As  laser  micro  processing  of  hard  materials  has  continued  to  gain  acceptance  in  the  industry,  semiconductor  based 
devices  including  Micro  Electro  Mechanical  Systems  (MEMS),  multi-chip  modules  (MCMs),  Chip  Scale  Packages 
(CSPs),  and  Ball  Grid  Arrays  BGAs)  require  the  drilling  and  or  cutting  of  micro  or  smaller  holes,  slots  or  trenches. 
The  commercial  importance  of  developing  a  new  low  cost  method  of  micro  machining  is  evident  from  the  wide  use 
of  sensors,  digital  cameras,  fuel  injectors,  inkjet  printer  nozzles,  medical,  and  telecom  devices.  The  materials  of 
particular  interest  are  found  mainly  in  the  semiconductor  industry  including:  Si,  GaAs,  AIN,  A1203 ,  Si3N4.  Drilling 
of  fuel  injector  nozzles  is  one  application  in  the  automotive  industry  that  points  to  the  importance  of  micro 
machining  of  high  quality  holes  typically  50-200  micrometers  in  diameter  machined  in  metals  like  stainless  and 
carbon  steel  beyond  1  mm  in  thickness.  Laser  drilling  has  been  in  common  use  for  drilling  of  air-cooling  holes  for  a 
number  of  years  in  nickel  and  cobalt  alloys  and  refractory  metals.  The  generation  of  short  pulse-width  lasers  can 
produce  better  surface  finishes  with  less  recast  and  to  better  tolerances.  In  the  medical  industry,  the  requirements  fo 
micro-features  in  components  like  catheters  and  stents  is  growing.  Precise  machining  of  diamond,  both  natural  and 
synthetic,  for  diverse  applications  including  cutting  tools  and  wire  die  applications  is  now  easily  done. 
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MICROMACHINING  VARIABLES 


Pulsed  lasers  with  high  brightness  with  operational  pulse  length  of  10  to  30  nanoseconds  allow  high  accuracy  in 
micromaching  applications.  When  these  pulses  are  delivered  at  a  pulse  repetition  rates  in  the  kilohertz  range,  fast 
material  removal  rates  are  achieved.  As  shown  in  Figure  1,  when  pulse  widths  are  maintained  in  the  short 
nanosecond  level  most  of  the  material  is  removed  in  a  vapor  state,  as  opposed  to  melt  ejection  common  with  long- 
pulse  drilling  In  order  to  maintain  high  accuracy  and  minimize  heat  affected  zone,  the  laser  fluence  has  held  to 
several  10  J/cm2,  so  as  to  reduce  plasma  shielding  and  post-pulse  plasma  heating  effect^.  The  resultant  material 
removal  rate  is  approximately  1  pm  per  pulse.  To  effectively  make  this  a  production  tool  the  pulse  repetition  rat 
must  be  in  the  multi  kilohertz  range  to  insure  an  effective  micro  machining  speed. 

Expelled  metal  vapor  and  plasma  shielding  are  factors  that  do  become  limiting  factor  in  drilling  especially  when 
holes  with  high  L/D  ratios  are  involved.  As  the  hole  penetrates  the  material  the  cloud  of  vapor,  ejected  material  and 
plasma  is  encountered.  As  the  hole  approached  1  mm  in  depth  the  blockage  effect  of  this  cloud  further  attenuates  the 
beam.  In  contrast,  the  thickness  of  plasma  layer  at  the  surface  is  limited  to  roughly  100  pm  during  the  pulse.  In  order 
to  reduce  plasma  formation  it  is  necessary  to  employ  all  means  available,  such  as  using  shorter  laser  wavelength  or 
even  inert  gas  coverage. 


Figure  1.  Schematic  illustration  of  the  effect  of  pulse  length  on  micromachining  of  hard  materials. 


The  set-up  requirements  for  a  pulsed  laser  in  a  micro  machining  application  involve  four  sets  of  interrelated 
variables  that  need  to  be  understood  and  controlled  to  achieve  optimum  results.  The  first  set  of  variables  is  laser 
related  and  includes  the  proper  establishment  of  laser  power,  diameter  and  divergence  of  the  beam,  pulse  width, 
mode,  and  beam  profile.  The  second  group  applies  to  focusing  parameters  and  includes  shape  of  lens,  depth  of 
focus,  depth  of  field,  spot  size,  mask  imaging  vs.  direct  focus.  The  next  set  of  variables  is  work  piece  related  and 
includes  type  of  material,  thickness,  flatness,  surface  reflectivity,  hardness,  melting  temperature,  and  surface 
roughness.  Finally,  there  are  process  related  variables  that  include  coatings,  speed,  shape  of  feature,  gas  assist, 
shielding,  single  or  dual  side  processing,  etc. 

The  process  of  micro  machining  involves  achieving  a  controlled  explosion  at  the  point  where  the  laser  beam  eneig 
is  focused  on  the  work  piece.  The  shorter  the  pulse  width  the  higher  becomes  the  peak  temperature  of  the  material. 

In  addition,  the  thermal  nature  of  the  process,  which  results  in  the  generation  of  recast  and  a  heat-affected  zone 
adjacent  to  the  point  of  impact,  is  minimized.  In  contrast,  continuous-wave  carbon  dioxide  lasers  or  conventional 
flash-lamp  and  arc-lamp  pumped  Nd:YAG  lasers  produce  pulse  lengths  well  over  1  microsecond.  To  achieve 
maximum  material  removal  efficiency  with  these  lasers  it  is  necessary  to  apply  an  external  assist  in  the  form  of  high- 
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pressure  co-axial  gas  jet.  The  purpose  of  the  gas  assist  is  to  protect  the  lens  from  ejected  melted  particles,  accelerate 
the  cutting  speed  and  depth  by  the  use  of  an  exothermic  reaction  from  a  reactive  gas  like  oxygen  and  finally,  the 
high  pressure  of  the  gas  flushes  out  some  of  the  molten  material  from  the  cut  zone. 


SYSTEM  OVERVIEW 

This  paper  shows  the  unique  benefits  of  DPPS  lasers  that  produce  short  nanosecond  pulses  in  the  order  of  15  ns.  The 
short  pulse  duration  of  these  lasers  were  found  to  offer  benefits  for  the  end  user  where  the  need  to  achieve  high 
quality ,  small  features  and  a  low  cost  of  ownership.  Our  application  lab  has  demonstrated  successful  processing  in 
actual  components  involving  hole  drilling  (both  through  and  blind),  cutting,  trenching,  coatings  ablation.  The 
process  range  includes  but  is  not  limited  to  the  following  summary  of  requirements. 

•  Dimensions  in  the  7  -  200  micrometers  range. 

•  Elimination  of  surface  contamination  or  recast  material  buildup  to  reduce  the  cost  of  ownership  by  doing 
away  with  post-processing  manufacturing  steps. 

•  Eliminate  micro-cracking  to  maintain  the  integrity  of  the  substrate, 

•  Achieve  high  accuracy  dimensions  of  1  micrometer  or  better. 

•  High  aspect  ratios  of  up  to  50: 1 . 

•  High  processing  speed 

Therefore,  the  tests  covered  by  this  paper  involved  the  use  of  several  diode-pumped  Nd:YAG  laser  models  of  a 
product  called  Gator  which  is  manufactured  by  Lambda  Physik.  The  full  Gator  series  of  DPPS  lasers  are  shown  in 
Figure  2. 


Model 

Wavelength 

Average  Power  at 
10kHz 

Pulse  Duration 

M2 

GATOR  1064 

1064nm 

10W 

15ns 

<1.2 

GATOR  532 

532nm 

5W 

15ns 

<1.2 

GATOR  355 

355nm 

3W 

15ns 

<1.2 

POWERGATOR  1064 

1064nm 

28W 

15ns 

<1.2 

POWERGATOR  532 

532nm 

14W 

15ns 

<1.2 

POWERGATOR  355 

355nm 

10W 

15ns 

<1.2 

Figure  2.  Model  and  specifications  overview  of  the  Gator  product  line. 


Side-pumped  geometry.  Figure  3,  is  used  for  both  the  standard  Gator  and  the  amplified  Power  Gator  versions  of  the 
Lambda  Physik  DPPS  lasers.  Side  pumping  permits  the  unlimited  scaling  up  of  the  output  power,  which  is  achieved 
by  simply  increasing  the  cross-sectional  area  of  the  gain  medium  in  amplifier  stages.  Necessary  small-signal  gain  is 
achieved  by  selecting  proper  length  of  the  gain  medium.  This  also  facilitates  generation  of  short  laser  pulse  in  the 
oscillator.  As  opposed  to  this,  competitive  end-pumped  lasers  have  limited  gain  per  pass,  since  the  gain  length  (at 
given  ion  concentration)  is  determined  by  the  absorption  of  the  pump  radiation.  As  a  general  result,  these  lasers  tend 
to  utilize  gain  materials  with  greater  gain  cross-section  (e.g.  neodymium  vanadate),  which  also  have  shorter  storage 
time.  Such  lasers  achieve  optimum  performance  at  a  higher  repetition  rate  (30  to  50  kHz)  that,  in  turn,  leads  to  lowe 
energy  per  pulse  output.  Also,  limited  gain  leads  to  longer  pulse  length.  Since  micro  machining  of  hard  materials 
demands  high  peak  intensity,  we  believe  that  10  kHz  repetition  rate  of  the  Lambda  Physik  side-pumped  Nd:YAG 
laser,  coupled  with  pulse  duration  below  20  ns,  provides  a  good  balance  between  micromachining  speed  (as 
determined  by  the  number  of  pulses  per  unit  of  time)  and  precision,  as  well  as  feasibility  of  machining  deep,  high- 
aspect  ratio  structures  in  hard  materials. 
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Side-pumping: 


L  - ► 


Active  medium — . . . 

U  : ...  ■■■■■■  ..  * 

444  444  444  444 

w 

Laser  beam 

Pump  diodes 


Unlimited  gain 
Gain  =  exp  (noL), 

L:  Length  of  the  rod, 
n:  ion  concentration, 
a:  gain  cross-section. 


End-pumping: 


Pump  diodes 


Figure  3,  Side  pumping  /  M.O.P.  A.  configuration 

If  the  laser  is  to  operate  at  the  second  (532nm)  or  third  (355nm)  harmonic  wavelength,  the  Gator’s  design  has  taken 
this  into  consideration  with  a  hands  free  crystals  management  system  that  is  part  of  the  laser  head  and  requires  no 
maintenance  throughout  the  entire  lifetime  of  the  laser  head.  The  harmonic  crystals  get  replaced  along  with  the  laser 
head  about  every  20,000  hours  further  simplifying  the  maintenance  of  the  system.  Replacement  of  the  laser  head 
takes  less  than  an  hour  and  can  be  performed  on  site  directly  by  the  customer.  A  trade  in  program  for  used  laser 
heads  brings  down  the  operating  costs  from  7  dollars  per  hour  for  the  PowerGator  1064  down  to  4  dollars  per  hour 
for  the  Gator  1064.  That  equals  20  cents  per  million  pulses  for  the  PowerGator  1064  and  1 1  cents  per  million  pulses 
for  the  Gator  1064  respectively. 


PROCESSING  SYSTEM  SET-UP  AND  MICROMACHINEI)  EXAMPLES 

As  shown  in  Figure  4,  the  micromachining  optical  setup  consisted  of  a  shutter,  attenuator,  quarter  wave  plate  (to 
create  circular  polarization)  and  a  focusing  lens  with  the  focal  length  of  50  to  150  mm  in  the  beam  path.  For  the 
linear  cuts,  samples  were  translated  with  micrometer-accurac  XY  motion  stages  operated  from  a  CNC  controller. 
For  trepanning,  the  beam  is  scanned  along  a  circular  path  achieved  by  passing  the  beam  thought  rotating  optical 
wedges.  Other  techniques  can  also  be  used  including  a  two-axis  galvo  scanner  or  using  the  circular  interpolation 
program  on  a  standard  two-axis  set  of  CNC  operated  motion  stages. 
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Gator  DPSSL 


Diode-pumped  MOPA 

Nd:YAG  laser:  10  kHz,  ISnsec,  TEM^ 

- \ 


28  we  1064  nm 
15  W  @  532  nm 
10  W@  355  nm 


F=55  mm  lens 
( t/30  *  f/20 )  A 


n 


Shutter 


-h - / 

W  ! 

I  Photo- 

Rotating  wedge  JL,  diode 
(used  for  trepanning)  [  #i 


Figure  4.  Optical  system  set-up 


Hole  drilling  can  be  accomplished  by  several  techniques  as  shown  in  Figure  5.  The  holes  in  these  tests  were 
produced  either  by  percussion  drilling  or  trepanning.  With  a  material  removal  rate  of  approximately  1.0  micron  per 
pulse  the  result  is  a  relatively  high  ablation  rate  with  a  laser  pulse  rate  of  10kHz.  For  example,  20  micron  diameter 
via  holes  can  be  drilled  in  625  micron  thick  silicon  wafer  at  a  rate  of  about  10  holes  per  second  using  the  “drill  on 
the  fly”  method.  This  method  uses  a  trigger  signal  generated  from  an  encoder  attached  to  the  shaft  of  the  servomotor 
driving  the  precision  X-Y  stages.  At  precise  positions  the  encoder  signal  causes  the  laser  to  fire  one  pulse.  With  the 
high  speed  stages  moving  back  and  forth  over  the  required  pattern  of  holes  the  drilling  rate  is  increased  substantiall 
because  the  stages  do  not  stop  at  each  hole  location. 

Peak  power  is  an  important  processing  parameter.  Lasers  that  produce  longer  pulse  lengths  will  have  lower  peak 
power  even  if  the  average  power  is  the  same.  A  15  ns  pulse  at  10  Watts,  10kHz  and  higher  repetition  rates  will 
produce  a  peak  power  intensity  of  about  66kw.  Another  laser  that  may  be  advertised  to  operate  at  10  watts  but  its 
pulse  width  is  in  the  order  of  50  ns  will  only  have  a  peak  power  of  20  kw.  Such  a  laser  can  remove  the  same  material 
but  at  a  rate  3  times  slower.  A  longer  pulse  width  also  increases  the  thermal  damage  to  the  substrate  by  increasing 
the  HAZ  (heat  affective  zone).  Using  shorter  pulses  (in  the  order  of  10  ns)  allows  overcoming  these  limitations.  The 
optimum  condition  to  achieve  proper  material  ejection  is  extremely  high  pressure  reached  in  the  vapor  plume.  Each 
lQns-pulse  removes  a  thin  layer  of  material  that  is  typically  a  few  micrometers1  thick.  Heat  conduction  into  parent 
material  is  limited  to  a  few  micrometers.  Therefore,  one  can  increase  the  intensity  of  the  incident  beam  for  deeper 
penetration  into  the  material,  without  the  penalty  of  damaging  material  at  the  entrance  surface  or  sidewalls. 

Examples  of  stainless  steel  and  aluminum  and  copper  and  diamond  materials  cut  with  355nm,  15  ns  and  10kHz  laser 
pulses  are  shown  in  Figure  6  and  7.  No  cutting  nozzles  or  gas  assist  was  used  in  these  tests.  Similar  results  are 
achieved  in  other  metals  such  as  silver,  gold,  nickel,  steel  and  aerospace  alloys.  The  hardness  of  the  material  or 
melting  temperature  seems  to  have  minor  effect  on  the  ablation  rate. 
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:  tteparmingf  helical  dftllmg 


^inglepulsB  /  plfeiKsion 


100  micron  diameter  hole  drilled  in  alumina  ceramic 


Stainless  steel  plate  0.55  mm  thick 


Stainless  tube  0.5mm  thick  Copper  ablated  off  ceramic  -lOmicron  line/space 

Figure  6.  Examples  of  stainless  steel  and  alumina  ceramic  parts  cut  with  355nm,  15  ns  and  10kHz  pulse  rate 


Figure  7.  CVD/PCD  diamond,  0.31  mm-thick. 


THE  EFFECT  OF  WAVELENGTH  ON  MICROMACHINING 

Selecting  the  proper  laser  beam  wavelength  is  important  because  it  can  affect  the  micromachining  process  as  shown 
in  Figure  8.  Some  materials,  like  silicon  and  certain  ceramics,  are  transparent  for  the  conventional  Nd:YAG 
wavelength  in  the  1  pm  region.  Although  IR  lasers  can  still  be  used,  albeit  at  higher  intensity  and  with  negative 
effects  of  larger  HAZ,  etc.  results  can  be  improved  by  using  either  532  or  355  nm  wavelength.  A  second  benefit  i 
that  at  shorter  wavelengths  the  beam  attenuation  in  the  plasma  and  melt  droplet  "cloud”  is  reduced.  As  sample 
thickness  increases  it  was  found  that  using  the  shorter  wavelength  is  important  especially  when  high  aspect-ratio 
micromachined  features  are  involved  The  geometry  of  the  plume  changes  when  one  switch  from  ablating  thin  to 
thick  material.  The  vapor  expansion  is  limited  to  a  narrow  channel,  whereas  at  the  surface  it  expands  laterally  to 
several  times  of  the  beam  diameter  6.  Such  “single-dimensional”  vapor  expansion  in  a  deep  hole  should  cause  higher 
particle  density  and  temperature  within  the  plume.  An  additional  source  of  vapor  is  caused  by  the  absorption  of  the 
laser  beam  at  the  walls  of  the  hole.  For  samples  thicker  than  roughly  0.5  mm  it  was  observed  that  an  increase  in 
minimum  fluence  was  required  for  drilling,  as  well  as  a  dramatic  wavelength  dependence  of  the  average  ablation 
rate. 

In  summary,  for  the  high  aspect  ratio  holes  the  wavelength  dependence  of  the  average  ablation  rate  is  very  strong.  It 
becomes  clear  that  shorter  wavelengths  provides  a  greater  “process  window”  and  much  less  peripheral  damage  at  th 
whole  entrance  for  the  material  thickness  approaching  1  mm.  The  wavelength  effect  is  high  because  the  beam  must 
penetrate  a  thick  layer  of  dense  plasma,  which  is  not  present  in  drilling  thin  foils. 
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Figure  8.  Effect  of  wavelength  in  drilling  stainless  steel. 


PULSE  WIDTH  CONSEQUENCE  ON  MICROMACHING 

An  excellent  example  showing  the  advantage  of  short  pulse  width  ablation  is  shown  in  Figure  9  using  crystalline 
silicon  with  15-nsec  and  25-nsec  pulses  at  the  wavelength  of  355  nm.  The  samples  were  standard  commercial! 
available  silicon  wafers  0.55  mm  thick.  The  laser  power  used  averaged  slightly  over  2  W,  but  the  repetition  rate  was 
fixed  at  10  kHz.  An  f=100  mm  lens  focused  the  beam  onto  the  sample  surface.  The  divergence  and  diameter  of  the 
beams  for  both  15  ns  and  25  ns-pulse  lasers  were  equalized  and  the  “best  focus”  position  was  establishedb 
minimizing  the  time  for  percussion  drilling.  The  cross-sections  shape  is  a  schematic  representation  of  the  holes,  as 
found  in  the  microphotographs.  The  entrance  shape  of  the  hole  hints  that  the  plasma  plume  shapes  this  part  of  the 
hole.  This  is  likely  the  cause  of  the  extreme  tapering  off  of  the  holes  towards  the  exit.  The  amount  of  taper  shown  in 
the  holes  drilled  with  longer  pulse  widths  indicates  insufficient  intensity  of  the  beam  as  the  hole  progresses  deepe 
into  the  silicon.  Also  the  effect  of  increased  laser  beam  attenuation  in  the  plasma  plume  is  a  likely  effect.  The 
difference  in  the  thermal  diffusion  length  for  these  two  pulse  durations  is  marginal  so  a  conclusion  is  that  the 
difference  lies  in  the  amount  of  plasma  produced  during  the  pulse.  Tests  show  that  the  speed  of  expansion  of  the 
plasma  plume  reach  5  micrometers  per  nanosecond5.  This  means  that  the  15  ns  pulse  penetrates  less  than  roughly  75 
micrometer-thick  layer  of  plasma,  but  the  25  ns  pulse  passes  though  up  to  125  micrometer-thick  layer.  The  result  is 
that  more  laser  energy  is  being  absorbed  in  the  plasma  plume  for  the  longer  pulse  that  further  increases  its 
temperature  and  density.  The  increase  in  energy  and  thickness  or  the  plasma  plume  causes  greater  beam  attenuation 
and  more  material  removal  via  slow  melting  by  the  plasma  plume  after  the  laser  pulse  is  finished.  The  tests  showed 
that  even  relatively  small  changes  in  the  pulse  length  (within  an  order  of  magnitude)  might  result  in  significant 
difference  in  the  quality  of  the  features. 


Proc.  SPIE  Vol.  4637 


393 


Figure  9.  Schematic  comparison  of  percussion-drilled  holes  drilled  at  25  ns  and  15nsec  pulses  at  355  nm. 


Pulses  in  the  nanosecond  range  have  an  advantage  of  removing  very  thin,  controllable  slices  of  material  with 
minimum  damage  to  the  adjacent  areas.  Shorter  pulses  also  provide  higher  peak  intensity,  which  is  a  major 
controlling  factor  in  ablating  hard  materials. 

During  percussion  drilling  with  longer  pulses  a  greater  amount  of  laser-generated  plasma  resulted  in  increased  taper 
and  greater  amount  of  silicon  oxide  being  deposited  on  the  sample  surface.  It  was  also  noted  that  the  exits  of  the 
holes  were  more  irregular  in  shape  as  compared  to  almost  round  exits  in  holes  drilled  with  shorter  pulses. 


As  shown  in  Figure  10,  one  direct  commercial  benefit  of  using  a  laser  that  produces  15  ns  pulse  width  at  355  nm  and 
10  kHz  results  in  high  quality  micromaching  of  silicon  and  sapphire.  Other  hard  materials  achieve  similar  high 
quality  results.  Holes  and  slots  with  minimum  to  no  taper  and  little  to  no  dross  o  microcracking  can  be  produced  in 
670  micron  thick  silicon  at  rates  over  1.3  mm/second.  Sapphire  wafers  can  also  be  cut  with  high  quality  crack  and 
debris  free  trenches  below  25  micron  in  width. 


Figure  10.  Holes  drilled  in  silicon  and  trenches  cut  in  sapphire  chips  are  using  355  nm  and  15  ns  pulse  width  at  10kHz. 
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COMMERCIAL  BENEFITS  OF  AN  INDUSTRIAL  DPPS  LASER 

The  Gator  series  of  DPPS  lasers  used  to  produce  the  results  described  in  this  paper  are  one  of  the  most  compact  and 
reliable  nanosecond  pulsed  industrial  lasers  on  the  market.  Not  only  does  the  Gator  offer  the  industrial  customer 
new  level  of  performance  but  it  also  provides  a  quality  of  operation  not  found  in  current  flashlamp  or  arclamp 
pumped  NdrYAG  lasers.  The  main  consumable  components  of  these  types  of  lasers  are  the  lamps.  The  Gator 
employs  the  latest  state  of  the  art  long  life  diodes  to  pump  the  Nd:  YAG  rod  instead  of  lamps  and  an  advanced 
harmonic  generation  crystals  management  system  resulting  in  a  laser  that  will  provide  continuous  trouble-free 
operating  for  over  20,000  hours.  The  only  maintenance  required  on  the  laser  head  throughout  its  expected  lifetime  i 
the  periodic  exchange  of  the  cooling  water  and  filter  plus  replacement  of  the  drying  cartridge  in  the  laser  head  which 
is  required  about  once  every  1000  hours  of  operation. 

The  PowerGator  system  is  unique  in  that  it  can  deliver  a  10-Watt  beam  at  355  nm  and  with  a  simple  program 
command  switch  its  operation  to  1064  nm  output  at  30  watts. 

Since  the  laser  head  is  assembled  in  a  clean  room  and  hermetically  sealed  from  outside  contaminations,  the  optical 
components  require  no  maintenance,  alignment  or  tuning  during  the  life  of  the  laser  head.  This  means  that  in  a  two- 
shift  operation  5  days  per  week  the  laser  will  continue  to  provide  “on  demand”  service  for  up  to  5  years.  Coppe 
vapor  lasers  or  femto-second  lasers  which  are  also  advertised  for  similar  micromachining  applications  are  still  lab 
machines  without  the  performance  or  reliability  required  to  meet  the  needs  for  long  term  industrial  service. 
Complete  optical  beam  delivery  systems  are  simple  and  can  be  constructed  from  available  off  the  shelf  components. 
A  typical  beam  delivery  may  include  a  combination  of  attenuators,  fast  process  shutters,  trepanning  heads,  two  axis 
high-speed  galvo  scanners,  conventional  fixed  lens  focusing  lens,  zoom  telescopes,  two  wavelength  switching 
capability  and  combined  galvo/fixed  focus  heads. 

CONCLUSIONS 

The  market  for  hard  material  micromachining  lasers  with  high  reliability  is  quickly  growing.  This  market  is  driven 
by  the  need  for  a  low  cost  method  to  perform  advanced  processing  from  a  wide  range  of  industries  including 
semiconductor,  automotive,  telecom  and  microelectronics  and  medical.  Current  processing  tools  are  challenged  to 
keep  up  with  new  demands  from  manufacturing  and  engineering  for  smaller  features  and  corresponding  increase  in 
accuracy  and  flexibility.  Short  nanosecond  (~10nsec)  DPSS  lasers  can  make  components  that  require  features  to  be 
machined  down  to  a  few-micrometers  in  size,  without  the  unwanted  material  damage  effects  associated  with  the  heat 
transferred  from  longer-pulse  laser  sources.  This  pulse-length  effect  becomes  not  only  a  quality-limiting  factor  but 
also  limits  the  processing  of  certain  materials.  The  high  peak-power  of  the  Gator  combined  with  wavelength 
versatility  from  IR  to  UV  plus  extreme  reliability  and  low  maintenance  requirements  are  key  to  its  successful 
implementation  in  the  most  demanding  commercial  and  industrial  production  environments. 
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ABSTRACT 

The  use  of  ceramic  cores  of  high  dielectric  constant  is  an  essential  part  of  a  strategy  to  miniaturise  GPS  antennas  for 
mobile  telephones.  The  core  reduces  the  guide  wavelength  of  the  conducting  structures  on  the  antenna,  thereby  creating 
a  need  for  high-resolution  imaging  to  maintain  very  accurate  dimensions.  It  is  for  this  principal  reason  that  a  novel  laser 
imaging  technology  has  been  developed  using  a  positive  electrophoretic  photoresist  and  UV  excimer  laser  mask 
imaging  to  produce  the  conducting  features  on  the  surface  of  the  antenna.  Furthermore,  a  significant  process  challenge 
in  producing  this  type  of  antenna  concerns  the  reproducibility  of  the  right-hand  circular  polarisation  performance  and 
the  bandwidth  over  which  this  can  be  achieved  -  which  becomes  progressively  smaller  as  antenna  size  is  reduced.  It  is 
therefore  a  vital  requirement  that  the  antennas  have  the  option  to  be  tuned  by  a  laser  trimming  process  at  an  automatic 
RF  testing  station.  A  galvanometer  controlled  Nd:YAG  laser  spot  is  used  to  trim  the  conductive  pattern  on  the  top  of  the 
antenna  following  an  RF  measurement  to  characterise  the  resonant  frequencies  of  the  four  helical  conductors.  Results 
demonstrate  the  laser  imaging  and  trimming  techniques  ensure  a  high-speed  method  of  guaranteeing  the  antenna 
performance.  The  technique  is  appropriate  for  other  antenna  types  such  as  GSM,  Bluetooth  and  Wireless  LAN. 

Keywords:  excimer  laser,  Nd:YAG  laser,  trimming,  resist  exposure 

1.  INTRODUCTION 

In  line  with  a  1996  US  Federal  Communications  Commission  mandate  on  cellular  wireless  handset  location, 
manufacturers  have  turned  to  integrated  Global  Positioning  System  (GPS)  receiver  solutions  to  provide  the  required 
accuracy  resolution.  These  are  the  so  called  “Network  Assist”  GPS  schemes  that  reduce  the  time  needed  to  establish  a 
handset  position  fix  by  improving  the  coherence  of  the  tracking  process  -  thereby  improving  its  dynamic  range  so  that  it 
can  work  in  non-open  sky  environments.  However  the  total  time  taken  remains  proportional  to  the  strength  of  the 
received  satellite  signal  (preferably  >-135  dB)  at  the  antenna.  The  use  of  an  appropriate  antenna  for  a  GPS  receiver  is 
very  important,  as  it  has  to  achieve  uniform  coverage  of  the  satellites  in  view,  reject  the  cross-polarised  multi-path 
signals  and  operate  efficiently.  A  sensible  choice  of  antenna  for  systems,  which  do  not  accommodate  a  large  ground 
plane  such  as  in  the  case  of  handsets,  is  a  balanced  structure  such  as  the  quadrifilar  helix  antenna  [1].  Sarantel  has 
developed  a  highly  dielectrically  loaded  form  [2]  of  this  style  to  reduce  its  size  with  respect  to  air-loaded  antennas.  The 
compact  dimensions  of  contemporary  wireless  handsets  dictate  that  dielectrically  loaded  quadrifilar  helix  antenna  must 
be  designed  to  be  small  in  size,  immune  to  the  normal  deteriorating  effect  of  holding  the  handset  and  resilient  to  the 
effects  of  use  in  close  proximity  to  the  user’s  head. 

This  paper  describes  the  characteristics  of  a  novel  GPS  antenna  that  is  designed  to  fit  into  a  cellular  telephone  handset, 
and  also  the  pivotal  contribution  of  the  laser  technologies  involved  in  the  process  to  manufacture  it.  The  technical 
approach  that  is  used  in  this  process  is  highly  innovative  because  the  antenna  is  a  novel  product  that  has  been  developed 
and  put  into  commercial  production  at  Sarantel  Limited.  The  imaging  and  automatic  laser  trimming  tools  have  been 
developed  and  constructed  by  Exitech  Ltd  under  contract  by  the  owners  of  the  IPR  Sarantel  Ltd. 
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2.  DUAL  GPS/MOBILE  TELEPHONE  OPERATION 


The  dielectric-loaded  quadrifilar  helix  antenna  is  designed  to  receive  right-hand  circularly  polarised  energy  from  the 
GPS  satellite  network.  Operating  at  1.57542  GHz,  its  non-dielectric-loaded  counter  part  is  approximately  six  times 
larger.  It  comprises  a  zirconium  tin  titinate  (relative  permittivity  =  36)  ceramic  puck,  17.75  mm  in  length  and  10  mm  in 
diameter,  which  acts  as  a  substrate  to  a  thin  layer  of  copper.  The  image  on  the  right  of  Figure  1  shows  the  pair  of 
diagonal  resonant  loops  that  are  fed  at  the  top  of  the  antenna  using  a  co-axial  cable  passed  through  the  ceramic. 

The  lower  section  of  the  antenna  is  a 
sleeve  balun  (balanced- 
unbalanced).  The  distance  from  the 
cable  solder  point  at  the  base  of  the 
antenna  to  the  balun  rim  is  designed 
to  be  90°  in  electrical  length.  While 
isolating  the  radiating  section  of  the 
antenna  from  surface  currents  on  the 
application  device,  it  also  acts  to 
transition  the  otherwise  inherently 
unbalanced  currents  from  the  cable 
to  a  balanced  feed  for  the  loop. 


The  radiating  section  of  the  antenna  can  be  considered  to  be  composed  of  two 
bifilar  resonant  loops.  Figure  2  shows  a  plot  of  the  simulated  electromagnetic 
current  distribution  at  the  top  of  the  antenna.  The  labels  on  each  arm  indicate 
the  relative  angular  phase  difference  of  the  current  from  the  cable  feed  point. 
The  current  distribution  is  critical  to  the  antenna  receiving  the  right-hand 
circularly  polarised  transmissions  from  the  satellite  network,  and  depends 
strongly  on  the  precise  geometry  of  the  bifilar  resonant  loops.  It  is  this  strong 
dependence  on  the  geometry  that  necessitates  extraordinary  high  accuracy  on 
the  dimensions  of  the  resonant  loops,  and  necessitates  the  use  of  UV  laser 
mask  imaging. 


This  sensitivity  is  demonstrated  in  Figure  3,  showing  a  plot  of  the 
right-hand  and  left-hand  circularly  polarised  radiation  gain 
pattern  of  the  antenna.  Both  the  gain  and  the  broad  beam  volute 
shape  of  the  right-hand  polarised  trace  are  proportional  to  the 
current  distribution  on  the  antenna.  If  the  current  phase  is  non- 
orthogonal  between  the  helices,  the  gain  is  reduced  and  the  beam 
width  becomes  more  directional.  Furthermore,  the  desired  15  dB 
ratio  between  the  right  and  left  hand  polarisations  becomes 
impaired.  This  can  reduce  the  performance  of  the  antenna  to  the 
point  where  the  GPS  application  receiver  could  take  more  time  to 
compute  a  fix. 

The  artwork  dimensions  are  referenced  to  the  top  surface  of  the 
antenna.  The  required  radiating  length  is  proportional  to  the 
dielectric  constant  of  the  ceramic  so  that  the  part  handling  is 
manipulated  to  suit  in  the  laser  exposure  tool.  The  performance  of 
the  antenna  is  further  guaranteed  by  using  a  laser  to  trim  tuning 
Figure  3.  right-hand  and  left-hand  circularly  holes  in  the  top  artwork  to  compensate  for  any  current  phase 

polarised  radiation  gain  pattern  of  the  antenna.  distortion. 


Figure  2.  simulated  current 
distribution. 
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3.  ANTENNA  MANUFACTURING  PROCESSES 


3.1  copper/resist  coating/resist  development 

The  manufacturing  process  consists  of  plating  and  etching  techniques  that  are  well  defined  industrially  for  printed 
circuit  board  technology  but  is  entirely  new  when  applied  to  three-dimensional  ceramic  components.  The  ceramic  pucks 
are  processed  in  batches  (figure  4)  through  a  series  of  electroless  and  electrolytic  plating  baths  that  deposit  a  thin  layer 
of  copper,  which  is  followed  by  the  application  of  a  UV  sensitive  electrophoretic  photoresist  (figure  5).  Care  is  taken  to 
ensure  the  copper  layer  is  distributed  evenly  across  the  ceramic  surfaces  and  that  the  electrophoretic  photoresist  is 
applied  with  a  regulated  viscosity.  If  there  is  significant  uncontrolled  variation  in  the  viscosity,  the  electrophoretic 
photoresist  may  not  cross-polymerise  to  a  sufficient  depth,  which  can  lead  to  undesired  undercut  during  the  etching 
process. 

The  parts  are  then  stored  in  a  light  safe  environment  until  they  are  ready  to  be  processed  through  the  UV  laser  exposure 
tool.  This  process  is  described  in  more  detail  below.  Once  the  photoresist  pattern  has  been  cross  linked  in  the  UV,  the 
parts  are  developed  in  bulk  through  a  series  of  baths.  Attention  is  paid  to  the  process  time  to  ensure  that  the  exposed 
artwork  is  sufficiently  protected  for  the  etch  process. 


3.2  laser  exposure  tool 

The  antennas  require  a  copper  pattern  with  extremely  tight  dimensional  tolerances  onto  a  cylindrical  surface,  with 
precise  match-up  with  a  pattern  on  the  top  surface.  All  pattern  dimensions  need  to  be  kept  to  within  very  tight 
tolerances,  and  some  dimensions  on  the  cylindrical  surface  have  to  be  kept  to  within  a  few  micron  (balun  height). 
Various  industrial  processes,  all  based  on  photoresist  and  etching  procedures,  have  been  assessed  for  their  suitability. 

Exposure  by  means  of  conventional  UV  light  sources  such  as  mercury  lamps  necessitates  the  use  of  a  contact  mask  in 
the  form  of  a  metal  sleeve  with  the  required  pattern  machined  into  it.  The  main  advantage  of  this  method  is  the  modest 
capital  outlay  for  the  exposure  tool,  but  this  is  negated  by  the  inadequate  accuracy  that  can  be  achieved  by  this  method 
because  of  the  tolerances  in  antenna  dimensions  and  the  requirement  for  a  small  gap  so  as  not  to  damage  the  photoresist 
when  applying  the  sleeve.  Moreover,  the  sleeves  can  be  expensive  and  slow  to  manufacture,  with  long  lead-time.  In 
order  to  achieve  acceptable  cycle  times  (a  few  seconds  per  antenna),  multiple  sleeves  would  be  required  for  batch 
exposure  (typical  exposure  time  is  a  minute  or  so). 

Direct  laser  machining  of  the  copper  is  technically  possible  but  extremely  slow  compared  to  lithographic  techniques, 
due  to  the  large  numbers  of  photons  required  for  laser  ablation  compared  to  cross-linking  polymer  photoresist 
molecules.  Copper  has  a  high  ablation  threshold  so  that  the  ablation  process  requires  a  focussed  beam  from  a 
fundamental  mode  Nd:YAG  laser  together  with  galvanometer  raster  scanners.  In  order  to  maintain  accuracy,  the  laser 
will  have  to  operate  in  TEMOO  mode  so  that  available  output  power  is  limited  to  say  30  W.  Such  a  laser  would  only 
process  about  one  antenna  per  minute.  Moreover,  the  process  has  a  narrow  parameter  tolerance  and  is  sensitive  to  even 
small  variations  in  the  thickness  of  the  copper.  Excessive  exposure  of  the  underlying  ceramic  to  laser  radiation  can  also 
cause  a  change  in  the  local  dielectric  properties  which  is  detrimental  to  the  operation  of  the  antenna.  Debris 
management  is  also  a  problem. 
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Direct  ablation  of  the  photoresist  is  possible,  and  this  process  can  be  made  to  work  considerably  faster  than  copper 
ablation  because  the  photoresist  is  much  thinner  and  has  a  lower  ablation  threshold.  With  the  highest  power  industrial 
excimer  laser  currently  available,  the  throughput  can  be  an  order  of  magnitude  faster  compared  to  copper  ablation.  The 
disadvantages  of  this  method  are  the  high  capital-  and  running  costs  of  the  excimer  laser  and,  again,  debris 
management. 


Exposure  on  the  other  hand  with  a  low  power  UV  excimer  laser  can  effectively  cross-link  the  photoresist  of  one  antenna 
within  a  very  short  time  (less  than  one  second)  so  that  this  process  is  limited  by  the  efficiency  of  the  robotic  handling 
system  and  potentially  very  high  throughputs  can  be  achieved.  The  capital-  and  running  costs  of  such  a  laser  are  modest, 
and  the  additional  lithographic  step  that  is  required  (i.e.  the  removal  of  the  unexposed  photoresist)  is  inexpensive  and 
can  easily  be  integrated  into  the  same  bench  as  the  other  wet  steps  of  the  antenna  production.  This  method  was 
implemented  for  the  antenna  production  line  (figure  6). 

The  exposure  tool  therefore  uses  a  high  repetition  rate  UV  excimer  laser  with  low  pulse  energy  to  expose  the  photoresist 
at  a  radiation  dose  adequate  to  expose  the  photoresist  all  the  way  down  to  the  copper  and  a  fluence  that  is  sufficiently 
low  not  to  cause  ablation-  or  other  damage  to  the  photoresist.  The  thickness  of  the  photoresist  and  the  choice  of  excimer 
laser  are  closely  correlated.  A  program  of  research  was  earned  out  to  determine  the  optimum  combination  of  excimer 
laser  wavelength  and  resist  thickness  in  order  to  determine  the  best  compromise  between  process  speed,  yield  and  cost. 


Figure  6.  From  left  to  right:  bare  ceramic  substrate, 
copper  coating,  resist  coating,  after  exposure  and 
development,  after  copper  etching  and  resist 
stripping. 

A  rotary  tray  containing  24  antenna  substrates  is  manually  placed  onto  an  indexing  table  and  a  pick-and  place  robot 
transfers  the  antenna  substrates  onto  a  spring  steel  pin  which  holds  the  substrate  firmly  in  position  through  its  bore.  The 
base  of  the  pin  widens  into  a  cone  which,  after  nickel  plating,  acts  as  a  mirror  to  expose  the  base  of  the  antenna  at  the 
same  time  as  the  sides.  The  spring  steel  pin  is  mounted  on  a  rotary  stage  with  z-elevator,  fixed  on  top  of  a  high  speed 
linear  stage  which  moves  the  antenna  substrate  from  the  loading  to  the  exposure  position.  Transfer  is  via  an 
intermediate  position  where  the  height  of  the  antenna  top  face  is  accurately  measured  with  an  optical  sensor  and  the 
position  of  a  small  notch  at  the  base  of  the  antenna  substrate  is  determined  (also  with  an  optical  sensor).  The  notch  is 
necessary  because  subsequent  robotic  assembling  and  soldering  operations  need  alignment  to  a  mechanical  feature.  The 
top  and  side  patterns  need  to  be  positioned  precisely  with  respect  to  the  notch. 

ITie  antenna  substrate  needs  to  be  exposed  to  laser  radiation  on  the  top  and  bottom  faces  and  over  the  whole  of  its  side 
circumference.  In  fact  it  is  only  the  inside  of  the  bore  which  needs  not  be  exposed.  The  exposure  is  done  in  two  steps: 
one  which  exposes  the  top  face,  and  one  which  simultaneously  exposes  the  side  and  bottom  face.  Figure  7  shows  the 
chrome-on-quartz  photomask  patterns  that  are  used. 


Figure  7.  Exposed  antenna  (left),  side  pattern 
(middle)  and  top  pattern  (right)  mask  images  for 
GPS  antenna. 
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Figure  8.  Synchronised  mask  and  antenna 
motion 


The  photomask  with  the  side  pattern  is  held  on  a  vertical  x-y  stage 
assembly  which  can  be  moved  in  synchronous  motion  with  the 
rotation  stage  onto  which  the  antenna  substrate  is  mounted  (figure  8). 
The  mask  plate  is  illuminated  by  a  narrow  line  of  laser  light  which  is 
homogenised  along  the  longer  dimension  by  means  of  two  pairs  of 
cylindrical  lenslet  assemblies.  The  mask  is  imaged  onto  the  side  of  the 
antenna  by  means  of  a  custom-designed  high  resolution,  diffraction 
limited  lens  with  unity  imaging  ratio.  In  order  to  minimise  distortion 
effects  due  to  eccentricity  of  the  antenna  bore  this  lens  has  telecentric 
properties.  The  antenna  is  illuminated  a  few  degrees  off-axis  in  order 
not  to  expose  the  photoresist  on  the  top  face.  The  height  of  the 
antenna  can  be  adjusted  with  a  z-stage  in  order  to  position  the  pattern 
at  precisely  the  correct  height.  The  base  of  the  image  of  the  side 
pattern  on  the  mask  plate  extends  several  mm  below  the  base  of  the 
antenna  in  the  image  plane  in  order  to  expose  the  base  of  the  antenna. 


After  imaging  the  side  pattern,  a  pneumatically  operated  mirror  drops  into  the  laser  beam  which  re-directs  it  through  a 
second  optical  train  for  the  top  face  exposure.  The  top  pattern  is  imaged  onto  the  antenna  top  face  through  a  separate  1:1 
imaging  lens  with  diffraction-limited  resolution.  Illumination  of  the  mask  is  achieved  by  re-sizing  the  excimer  laser 
beam  by  means  of  cylindrical  lenses  but  without  homogenisers.  The  top  pattern  photomask  is  held  on  a  linear  stage  in 
order  to  help  alignment.  Care  must  be  taken  to  make  sure  that  the  side  pattern  spiral  arms  match  up  with  the  four  arms 
of  the  top  pattern  of  the  antenna.  This  is  done  by  rotating  the  antenna  by  a  certain  amount  after  having  detected  the 
position  of  the  notch.  Small  corrections  in  the  rotation  on  each  antenna  substrate  are  automatically  earned  out  according 
to  the  measured  height  of  the  antenna  top  surface. 

Since  both  the  side  and  the  top  pattern  photomasks  are  held  on  motion  stages,  the  exposure  tool  can  quickly  change 
from  one  antenna  design  to  another  simply  by  moving  to  a  different  pattern  in  another  area  of  the  photomask.  Figure  6 
shows  the  various  steps  in  the  production  process  of  the  antennas,  and  figure  9  shows  the  complete  laser  imaging  tool. 

After  laser  exposure,  the  antenna  substrates  are  dipped  into  a  sodium  hydroxide  solution  to  remove  the  resist  from  the 
unexposed  areas  of  the  antennas,  followed  by  a  copper  etching  and  resist  stripping  procedures.  An  automated 
fabrication  line  assembles  the  antennas  with  a  connector  pin  and  matching  box  (see  figure  10). 


Figure  9.  Exitech  M4000X  excimer  laser  exposure  tool. 


Figure  10.  Antennas  with  (top)  and  without  matching 
box  (bottom). 
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Figure  11.  Laser  trimming  station. 


33  Laser  trimming 

In  order  for  the  antennas  to  operate  at  precisely  the 
correct  frequency  of  1575.42  MHz,  within  a  tolerance 
of  2  MHz,  the  majority  of  antennas  produced  need 
small  adjustments  to  the  induction  loops  formed  by 
the  copper  pattern  on  the  antennas.  This  trimming 
requirement  exists  despite  the  excellent  accuracy 
which  can  be  achieved  with  laser  imaging  of  the 
pattern,  and  is  primarily  a  consequence  of  the  spread 
in  antenna  dimensions,  dielectric  properties  of  the 
ceramic  material,  and  copper  thickness  and 
resistivity. 

The  trimming  is  carried  out  with  a  fundamental  mode 
NdrYAG  laser  in  TEMOO  mode,  resulting  in  a  small 
laser  spot  size.  The  laser  beam  is  focused  onto  the 
antenna  by  means  of  a  flat-field  (f-theta)  lens,  and 
scanned  across  the  top  surface  of  the  antenna  by 
means  of  an  x-y  galvanometer  in  order  to  ablate 
small  areas  of  copper. 


The  laser  trimming  tool,  figure  11,  is  integrated  in  a  robotic  assembly  loop  which  fits  the  matching  boxes  to  the 
antennas  (this  loop  is  separate  from  the  antenna  assembly  line).  A  pick-and-place  robot  picks  up  an  antenna  with  fitted 
matching  box  and  places  this  in  a  pneumatically  actuated  chuck  on  a  high  speed  linear  stage  which  moves  the  antenna 
into  the  laser-safe  trimming  tool  enclosure  through  a  pneumatically  operated  door.  Once  in  the  trimming  position,  four 
RF  probes  mounted  radially  around  the  antenna  are  moved  to  close  proximity  of  the  antenna  perimeter,  at  the  balun 
level  such  that  each  probe  is  located  at  the  base  of  each  of  the  four  spiral  arms.  The  resonant  frequency  and  balance  of 
the  antenna  is  measured  with  the  probes  and  a  network  analyser  with  specially  developed  trimming  algorithms 
determines  the  amount  of  copper  (if  any)  needed  to  be  removed  from  each  of  the  four  arms  of  the  antenna  top  pattern. 
The  trimming  algorithms  were  developed  by  Sarantel  specifically  for  this  purpose. 

Conventional  methods  for  measuring  an  antenna  pattern  require  a  large  screened  room  with  the  inner  surface  of  the 
walls  covered  in  radio  frequency  absorbing  material,  in  order  to  simulate  free  space  conditions  and  to  measure  the 

output  from  the  antenna  under  test.  In  the 
case  of  the  dielectric  loaded  quadrifilar 
antenna,  this  measurement  takes  about  five 
minutes  to  rotate  the  part  through  360°  in  one 
plane  and  to  plot  the  measured  data  for 
interpretation.  While  this  is  the  most 
comprehensive  method  of  measurement,  it  is 
not  a  cost  effective  solution  for  a  high 
volume  production  run.  An  alternative 
method  for  evaluating  the  antenna 
performance  using  capacitive  probe 
measurements  to  “sniff’  the  current  at  the 
bottom  of  each  of  the  helices  has  been 
developed  at  Sarantel  and  implemented  in  the 
laser  trimming  tool.  This  novel  technique  is 
employed  to  provide  a  high  throughput  of 
parts  in  a  similar  fashion  to  the  approach 
taken  to  die  probing  in  the  integrated  circuit 
industry.  Figure  12  shows  a  schematic  section 
drawing  of  the  probe  and  where  it  is  pointed 
at  the  antenna. 


Figure  12.  Antenna  RF  measurement  probe. 
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Laser  trimmed  areas 


Figure  13.  Trimmed  and  data  matrix  marked  GPS  antenna.  The 
trimmed  areas  are  the  dark  squares  in  each  of  the  four  copper 
arms. 


Data  matrix  mark 


After  the  trimming  operation,  the  antenna  is  measured  again  with  the  RF  probes  and  accepted  or  rejected.  All  antennas, 
accepted  as  well  as  rejected,  are  marked  with  a  unique  data  matrix  code  that  is  produced  with  the  same  laser  as  for 
trimming  (figure  13). 


5.  CONCLUSION 

We  have  demonstrated  that  the  laser  technology  can  fulfil  a  critical  role  in  the  high-volume  manufacture  of  small  GPS 
antennas  that  are  suitable  for  E-91 1  emergency  handset  location.  The  methodology  that  has  been  described  in  this  paper 
is  embodied  in  a  manufacturing  process  that  is  available  for  licence  from  Sarantel  Ltd. 
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ABSTRACT 

Photostructurable  glass-ceramic  materials  have  received  significant  attention  due  to  their  utility  in  aerospace 
engineering  and  microtechnology.  For  example,  the  ability  to  fabricate  structures  in  glass  is  important  in  the  design  and 
integration  of  microscale  electronic,  optical  and  fluidic  devices.  Direct-write  pulsed  ultraviolet  (UV)  laser  processing 
techniques  have  been  utilized  recently  to  create  patterned  three-dimensional  (3D)  microstructures  in  a  lithium- 
aluminosilicate  glass  (Foturan™,  Schott  Corp.).  The  direct-write  microfabrication  process  involves  the  formation  of  an 
initial  latent  image  in  the  glass  via  UV  laser  radiation.  Thermal-induced  ceramization  is  utilized  to  develop  the  latent 
image  into  a  permanent  image.  Material  removal  and  microstructure  fabrication  are  then  accomplished  by  preferential 
isotropic  etching  of  the  developed  regions. 


Precise  control  of  the  laser  processing  parameters  is  essential  to  ensure  efficient  and  consistent  microstructure 
fabrication.  Unfortunately,  detailed  information  does  not  exist  regarding  the  influence  of  the  laser  characteristics  on  the 
exposure  and  photochemical  etch  rate  in  photostructurable  glass.  The  present  study  investigated  the  effects  of  laser 
power  (fluence)  on  the  selective  chemical  etch  rate  in  Foturan  glass.  The  results  will  facilitate  precise  timed-etch 
procedures  for  volumetric  processing  of  3D  microstructures  in  photostructurable  glass.  Variation  of  the  laser  exposure 
during  direct-write  patterning  affects  the  etch  conditions  and  permits  the  concurrent  formation  of  microscale  features 
with  markedly  different  aspect  ratios.  This  direct-write  variable  exposure  processing  technique  also  facilitates  the 
formation  of  variegated  aspect  ratio  structures  on  a  common  substrate  following  a  single  batch  etch  without  the  need  for 
a  complex  masking  sequence. 

Keywords:  laser  microfabrication,  3D  fabrication,  volumetric  patterning,  photostructurable  glass  ceramic,  MEMS  and 
microtechnology 


1.  INTRODUCTION 

Optical  lithography  and  chemical  etching  techniques  are  utilized  frequently  in  the  fabrication  of  traditional 
microelectromechanical  systems  (MEMS).1  These  devices  require  the  integration  of  microscale  structures  that  retain 
variegated  aspect  ratios.  The  aspect  ratios  of  a  microfabricated  structure  depend  on  numerous  optical  and  chemical 
properties.  For  example,  the  ability  to  cofabricate  large  microstructures  (>500  pm)  and  maximize  the  processing  aspect 
ratio  is  influenced  critically  by  the  chemical  resiliency  of  the  photoresist,  the  chemical  etching  rate  of  the  underlying 
substrate  material  and  the  anisotropic  character  of  the  etching  process.  Large  aspect  ratio  structures  in  MEMS  devices 
are  often  prepared  in  bulk  silicon  using  reactive  ion  etching  (RIE)'  or  deep  reactive  ion  etching  (DRIE)2  techniques. 
These  plasma-etching  techniques  are  noteworthy  for  their  effectiveness  in  reducing  undercuts  in  patterned  structures. 

However,  a  major  limitation  of  standard  wet  chemical  and  (D)RIE  techniques  is  their  inability  to  cobfabricate 
microstructures  with  widely  different  aspect  ratios  on  a  common  substrate.  Vanegated  aspect  ratio  structures  on  a  shared 
substrate  may  be  particularly  useful  in  MEMS  fluidic  technology  and  the  integration  of  nanoelectromechanical  systems 
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(NEMS)  into  MEMS  devices.  For  example,  microscopic  relief  along  sidewall  and  trench  structures  are  incorporated  into 
mesoscopic  millimeter-  and  centimeter-scale  MEMS  fluidic  devices  to  facilitate  mixing  and  chemistry. 

In  addition,  future  complex  nanometer-sized  sensors,  resonators  and  engineered  materials  will  require  the 
simultaneous  integration  of  NEMS  structures  within  MEMS  structures.  Developing  the  capability  to  adjoin  NEMS  and 
MEMS  components  will  provide  several  system  design  advantages.  One  advantage  is  the  ability  to  isolate  physically  the 
NEMS  unit  from  substrate  effects.  NEMS  and  MEMS  cofabrication  will  also  provide  a  convenient  packaging  method  to 
couple  adaptively  to  the  larger  physical  world.  Finally,  signal  amplification  from  a  NEMS  device  could  be  enhanced 
through  the  localized  attachment  of  a  compatible  MEMS  component. 

For  MEMS  applications  requiring  concurrent  and  proximal  high  aspect  ratio  and  low  aspect  ratio  features,  the 
fabrication  solution  generally  involves  the  use  of  an  elaborate  masking  sequence.  The  sequential  masking  steps  are 
intended  to  protect  physically  the  low  aspect  ratio  structures  during  the  long  duration  etching  time  needed  to  form  the 
high  aspect  ratio  structures.  An  alternative  approach  concerns  the  introduction  of  dopants  and  impurities  into  the 
substrate  that  selectively  alter  the  local  etching  rate  and  permit  the  concurrent  formation  of  high  and  low  aspect  ratio 
features.  A  second  alternative  is  to  generate  the  high  and  low  aspect  ratio  structures  on  separate  substrates.  Following 
preparation,  the  substrates  can  be  joined  or  packaged  together  to  merge  the  variegated  aspect  ratio  structures. 
Unfortunately,  these  alternative  solutions  are  time  consuming  and  difficult  and  expensive  to  implement. 

To  address  the  limitations  associated  with  microprocessing  in  silicon-based  materials,  we  have  focused  on 
patterning  and  microstructure  fabrication  in  photostructurable  glass-ceramics  (photositalls  or  photocerams).  Following 
exposure  to  ultraviolet  (UV)  radiation,  these  photoactive  composite  materials  can  undergo  controlled  devitrification  at 
low  temperatures  to  form  a  metastable  crystalline  phase  in  the  amorphous  glass.3  This  crystalline  phase  can  then  be 
preferentially  and  isotropically  etched  with  aqueous  hydrofluoric  acid  (HF)  to  fabricate  microscale  structures.4 
Microstructure  fabrication  in  photocerams  has  typically  been  achieved  using  UV  lamp  lithography  with  a  mask.5  These 
photolithographic  and  masked-etching  processing  techniques  have  been  utilized  to  generate  2D  patterns  and  extruded 
prismatic  shapes  or  2.5D  structures. 

The  Aerospace  Corporation  has  significantly  refined  the  general  processing  of  photostructurable  glass-ceramic 
materials.6'8  One  major  improvement  includes  the  incorporation  of  pulsed,  high  repetition  rate  UV  lasers  into  the 
patterning  process.  In  contrast  to  a  UV  lamp  source,  the  application  of  pulsed  UV  lasers  has  enabled  direct-write 
operations  and  the  fabrication  of  true  3D  microstructures  without  the  need  for  sequential  masking.  The  UV  wavelength 
of  the  laser  patterning  process  can  also  be  varied  to  control  the  penetration  depth  within  the  bulk  glass  material.  Precise 
control  of  die  optical  penetration  depth  and  incident  laser  fluence  has  facilitated  the  fabrication  of  embedded  and 
interconnected  microstructures.6 

The  present  study  investigated  the  effects  of  laser  power  (fluence)  on  the  selective  etch  rate  in  Foturan  glass. 
The  results  will  facilitate  precise  timed-etch  procedures  for  volumetric  processing  of  3D  microstructures  in 
photostructurable  glass.  Variation  of  the  laser  exposure  during  direct-write  patterning  will  affect  the  etch  conditions  and 
permit  the  concurrent  formation  of  microscale  features  with  markedly  different  aspect  ratios.  These  variegated  aspect 
ratio  structures  can  be  realized  on  a  common  substrate  and  released  simultaneously  following  a  single  batch  etch  without 
the  need  for  a  complex  masking  sequence. 


2.  EXPERIMENTAL 


2.1  General  Setup 

The  direct- write  UV  laser  micromachining  experimental  setup  is  shown  in  Fig.  la.  The  micromachining  lasers, 
optical  components  and  sample  translation  stage  were  located  on  a  vibrationally-isolated  optical  table.  UV  exposure  and 
volumetric  processing  were  accomplished  using  a  diode-pumped,  Q-switched  Nd:YV04  laser  (BL6S-106QH,  Spectra- 
Physics).  The  Nd:YV04  laser  was  equipped  with  frequency-tripling  LBO  crystals  (HM355-1MMW  module)  to  produce 
laser  radiation  at  X=355  nm.  Typical  output  power  for  the  Nd:YV04  laser  operating  in  Q-switched  TEMoo  mode  was 
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Figure  1.  Photograph  of  the  direct-write  UV  laser  micromachining 
experimental  setup. 


-180  mW  at  a  nominal  pulse  repetition  rate  of  10.0  kHz 
and  a  diode  current  of  18.0  A.  The  pulse-to-pulse 
stability  was  ±5.0%.  Laser  powers  were  measured  using 
surface  absorbing  disk  calorimeters  (PM3  and  PM  10, 
Molectron  Detector,  Inc.).  Typical  laser  pulse  durations 
of  6.0±0.5  ns  (fwhm)  were  achieved  in  the  Q-switched 
TEMoo  operation  mode.  The  temporal  profile  of  the  Q- 
switched  TEMoo  pulse  was  monitored  using  a  silicon 
photodetector  (ET-2020,  Electro-Optics  Technology, 
Inc.). 


The  incident  laser  surface  power  was  varied 
using  a  computer-controlled  circular  neutral  density 
(ND)  filter  (CNDQ-2-2.00,  CVI  Laser  Corp.).  The  ND 
filter  was  coupled  to  a  micropositioning  motor  that 
allowed  rotation  of  the  filter  to  <0.1°.  Consequently,  the 
incident  laser  surface  power  could  be  precisely 
modulated  and  dynamically  controlled  during  the  direct- 
write  patterning  process;  i.e.,  continuously  variable 
laser  exposure  processing.  Using  the  ND  filter  and 
microstepper  assembly,  the  laser  power  delivered  to  the 
glass  substrate  surface  could  be  varied  from  P=0.1  mW 
to  P=30.0  mW  with  a  resolution  of  10  pW.  The 
resolution  was  primarily  limited  by  the  sensitivity  of  the 
surface  absorbing  disk  calorimeter. 


The  laser  beam  was  focused  on  the  glass  substrate  surface  using  a  UV-transparent  achromatic  lOx  microscope 
objective  (LMU-10x-248,  OFR).  The  effective  focal  length  of  the  microscope  objective  was  f=20.0  mm  at  X=355  nm. 
The  laser  spot  diameter  was  ~3.0  pm  and  the  confocal  parameter  was  ~1.0  mm.  The  glass  substrate  sample  was 
positioned  on  a  10.0  cm  diameter  vacuum  chuck.  During  direct-write  laser  patterning,  precise  translation  of  the  glass 
sample  was  accomplished  using  motorized  XYZ  microstep  positioners  under  computer  control.  The  XY  positioners 
(310062AT,  Daedel/Parker  Hannifin)  had  a  total  travel  range  of  15.0  cm  and  a  positional  accuracy  of  ±0.2  pm/mm  of 
travel  distance.  The  XY  bi-directional  repeatability  was  ±0.02  pm/mm  of  travel  distance.  The  Z  positioner  (ZE-10, 
Danaher  Precision  Systems)  had  a  total  travel  range  of  25.4  mm  and  a  positional  accuracy  of  ±0.8  pm/mm  of  travel 
distance.  The  bi-directional  repeatability  of  the  Z  positioner  was  ±0.1  pm/mm  of  travel  distance. 


2.2  Direct-Write  UV  Laser  Processing 


2.2.1  Photoceramic  Material.  The  photostructurable  glass-ceramic  employed  in  this  etch  rate  study  was  obtained  from 
Schott  Corporation  under  the  trade  name  Foturan™.  This  photosensitive  material  is  an  alkali-aluminosilicate  glass  and  is 
comprised  of  the  following  admixtures:  Si02  (75-85%),  Li20  (7-11%),  K20  and  A1203  (3-6%),  NazO  (1-2%),  ZnO  (0- 
2%),  Sl^Os  (0.2-0.4%),  Ag20  (0.05-0.15%)  and  Ce203  (0.01-0.04%).  The  Foturan  glass  wafers  were  100.0  mm  in 
diameter  and  1.0  mm  in  thickness.  Prior  to  use,  the  Foturan  wafers  were  cleaned  using  Liqui-Nox  glass  detergent 
(Alconox,  Inc.)  and  deionized  water,  and  rinsed  with  high-purity  acetone  (CH3COCH3,  reagent  grade  >99.6%,  J.  T. 
Baker)  and  methanol  (CH3OH,  anhydrous  grade  >99.8%,  Spectrum  Chemical). 

2.2.2  UV  Exposure  and  Latent  Image  Formation.  The  direct-write  microfabrication  process  was  initiated  via  pulsed  UV 
laser  irradiation.  For  Foturan,  the  photosensitive  character  is  believed  to  be  derived  from  the  oxidation-reduction 
photochemistry  associated  with  trapped  Ce34  (admixture  Ce203)  and  Ag+  (admixture  Ag20)  ions.3  These  species  are 
stabilized  by  Sb^  in  the  lithium-aluminosilicate  glass  host.  The  UV  radiation  induces  photoionization  of  the  nascent 
cerium  ions  (Ce34  +  hv  — >  Ce44  +  e').  The  free  electrons  can  then  neutralize  nearby  silver  ions  (Ag4  +  e*  — >  Ag°)  and 
create  a  latent  image  of  the  absorption  event. 
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To  minimize  potential  contributions  from  material  inhomogeneities  and  compositional  variations,  the  etch  depth 
and  etch  rate  measurements  incorporated  a  comprehensive  and  detailed  laser  exposure  pattern.  A  CAD  representation  of 
the  laser  exposure  template  employed  in  this  study  is  shown  in  Fig.  2.  The  laser  exposure  template  consisted  of  eight 
individual  microdiscs  for  each  Foturan  wafer.  The  circular  microdiscs  were  25.0  mm  in  diameter  and  were  oriented  in  a 
polar  array.  One  microdisc  did  not  contain  a  laser  exposure  pattern  and  was  used  as  a  witness  sample  for  the  native  glass 
etch  rate  measurements.  The  seven  additional  microdiscs  contained  an  8x8  laser  exposure  matrix.  This  laser  exposure 
matrix  was  comprised  of  64  rectangular  regions  that  were  1000  |4m  in  length  and  500  pm  in  width.  These  regions  were 
created  by  rastering  the  laser  beam  across  the  glass  sample  surface  at  a  constant  microstepper  velocity  of  1.0  mm/s  and  a 
laser  pulse  repetition  rate  of  10.0  kHz.  Each  exposed  region  contained  100  laser  raster  lines  that  were  spatially  offset  by 
5.0  pm.  Each  microdisc  was  also  labeled  with  an  identification  code  and  alignment  markers.  The  identification  labels 
were  formatted  as  Mijk,  where  M  is  the  glass  material  (F=Foturan),  i  is  the  etch  time,  j  is  the  etch  trial  number  and  k  is 
the  exposure  wavelength  (0=355  nm). 

The  8x8  laser  exposure  matrix  corresponded  to  16  distinct  power  levels,  where  each  set  of  four  adjacent 
rectangular  exposed  regions  received  equivalent  laser  power  or  exposure.  The  average  incident  laser  powers  used  in  the 
present  study  ranged  from  P=2.0  mW  to  P=25.0  mW  at  a  laser  pulse  repetition  rate  of  10.0  kHz.  These  parameters 
corresponded  to  an  average  incident  pulse  energy  of  0.2-2.5  pJ.  At  a 
microstepper  velocity  of  1.0  mm/s  and  a  repetition  rate  of  10.0  kHz,  each  laser 
spot  area  received  30  laser  pulses.  Incident  laser  fluences  ranged  from  F=0.2 
pj/pm2  at  P=2.0  mW  to  F=2.65  pJ/pm2  at  P=25.0  mW.  Laser  powers  <2  mW 
were  not  used  since  the  native  glass  etch  rate  was  nearly  equivalent  to  the 
exposed  glass  etch  rate  at  lower  laser  power.  Laser  powers  >25  mW  were  not 
employed  due  to  glass  fracture  and  cracking. 

2.2.3  Thermal  Processing  and  Permanent  Image  Formation.  Development  of  the 
latent  image  into  a  visible  permanent  image  involved  timed  heat  treatment. 

Thermal  regulation  and  heat  processing  was  achieved  using  a  programmable 
furnace  (Vulcan  3-550;  Ney  Corp.).  First,  the  exposed  glass  substrate  was  heated 
from  T=23.0  °C  to  T=500.0  °C  at  a  ramp  rate  of  5.0  °C/min.  The  exposed  glass 
sample  temperature  was  then  maintained  at  T=500.0  °C  for  60.0  min.  During  this 
heat  cycle,  silver  atoms  diffuse  and  agglomerate  to  form  Ag  nanocrystals: 
xAg°  -» (Ag°)x. 

Subsequently,  the  glass  substrate  temperature  was  increased  from  T=500.0  °C  to  T=605.0  °C  at  a  ramp  rate  of 
3.0  °C/min.  The  exposed  wafer  temperature  was  then  maintained  at  605.0  °C  for  60.0  min.  The  pre-formed  Ag 
nanocrystals  act  as  nucleation  sites  and  facilitate  the  growth  of  lithium  metasilicate  (Li2Si03)  crystallites.  The  size  and 
density  of  the  Li2Si03  crystalline  phase  can  be  altered  significantly  by  the  heat  treatment  protocol.  Preliminary  X-ray 
diffraction  (XRD)  analysis  of  the  exposed  and  thermally  processed  regions  suggests  that  the  lithium  metasilicate 
crystallites  formed  under  the  present  experimental  conditions  are  -500-1000  A  in  diameter.  Following  thermal 
processing,  the  Foturan  wafers  were  polished  to  an  optical  finish  and  cut  to  remove  the  individual  microdiscs. 

2.2.4  Preferential  Isotropic  Etching.  Material  removal  and  microstructure  fabrication  are  realized  by  preferential 
isotropic  chemical  etching.  The  three-dimensional  exposed  pattern  is  composed  primarily  of  lithium  metasilicate 
crystallites  and  retains  physical  and  chemical  properties  (e.g.,  density,  refractive  index,  expansion  coefficient)  that  are 
markedly  different  compared  to  the  native  amorphous  silicate  glass.  In  particular,  the  dissolution  rate  of  the  crystalline 
lithium  metasilicate  phase  in  dilute  aqueous  hydrofluoric  acid  (HF)  is  -20-50  times  faster  compared  to  the  unexposed 
amorphous  phase:  Li2Si03  +  8HF  — >  2LiF  +  H2SiF6  +  3H20.3  In  the  current  study,  preferential  isotropic  chemical 
etching  was  performed  using  a  5.0%  HF/H20  solution  at  room  temperature.  The  aqueous  HF  etchant  was  delivered  to 
the  glass  substrate  surface  using  a  high-pressure  sprayer  assembly.  This  high-pressure  HF  sprayer  was  timer-controlled 
and  contained  two  eight-nozzle  arrays.  The  nozzle  arrays  were  located  above  and  below  the  glass  sample  and  could  be 
operated  independently  to  deliver  the  HF  etchant  to  the  desired  surface  of  the  glass  substrate.  The  HF  sprayer  was 
operated  at  a  nominal  flow  rate  of  -4.3  L/min.  During  the  HF  etching  process,  the  glass  sample  was  also  rotated  at  -20 


Figure  2.  CAD  representation  of  the 
laser  exposure  pattern. 
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revolutions/sec  to  facilitate  uniform  HF  delivery  and  efficient  removal  of  the  etched  products.  A  new  aqueous  HF 
solution  was  used  for  each  of  the  seven  exposed  microdiscs. 

2 3  Etch  Depth  and  Etch  Rate  Measurements 

Etch  depth  measurements  were  performed  using  a  non-contact,  white-light  optical  profiler  (NT-2000,  Wyko 
Corp.)  equipped  with  a  Mirau  interferometric  microscope  and  piezoelectric  transducer.  The  optical  profiler  was  operated 
in  vertical-scanning  interferometry  (VSI)  mode  to  measure  surface  feature  heights  on  the  glass  substrate  samples. 
Vertical  resolution  of  the  VSI  mode  is  ~3  nm  for  a  single  scan  measurement  and  <1  nm  for  a  multiple  scan 
measurement.  VSI  images  were  obtained  using  a  lOx  microscope  objective  with  an  effective  field  of  view  of  1 172  pm  x 
892  pm. 


Prior  to  optical  analysis,  the  native  and  exposed  Foturan  microdiscs  were  coated  with  a  thin  gold  (Au)  or 
aluminum  (Al)  metallic  film  to  enhance  the  surface  reflectivity.  The  Au  and  A1  metallic  Elms  were  deposited  using  an 
evaporative  metal  source  operated  under  high  vacuum  (~lxl0'6  Torr)  conditions.  The  thicknesses  of  the  Au  and  Al 
coatings  were  2000  A  and  1700  A,  respectively.  A  100  A  chromium  (Cr)  interlayer  was  utilized  to  promote  adhesion  of 
the  metal  film  to  the  underlying  Foturan  glass  substrate.  These  metal  coating  thicknesses  were  negligible  compared  with 
the  measured  etch  depths  that  ranged  from  ~3  pm  to  -440  pm. 

The  native  and  exposed  etch  depths  were  measured  by  using  VSI  scanning  techniques  to  optically  profile  the 
witness  and  processed  glass  samples  as  depicted  in  Fig.  3.  The  witness  sample  corresponds  to  a  Foturan  microdisc  that 
has  undergone  thermal  treatment,  polishing  and  metal  coating.  The  processed  sample  corresponds  to  a  Foturan  microdisc 
that  was  exposed  to  patterned  laser  irradiation  at  X=355  nm,  thermally  processed  and  polished,  etched  chemically  with  a 


Metal  Native  Etch  Exposed  Etch 

Coating  Depth  Depth 


Witness  Sample  Processed  Sample 


Figure  3.  Schematic  representation  of  the  vertical-scanning  interferometry  technique  used  to  measure  the 
native  and  exposed  etch  depths  in  Foturan  glass. 

5.0%  aqueous  HF  solution  and  coated  with  a  reflective  metal  film.  The  native  etch  depth  was  measured  by 
simultaneously  scanning  a  witness  sample  and  a  processed  sample.  The  native  etch  depth  was  then  calculated  from  the 
height  difference  between  a  surface  region  on  the  unexposed  and  unetched  witness  sample  and  an  unexposed  surface 
region  of  the  processed  sample.  The  exposed  etch  depth  was  determined  by  scanning  an  exposed  rectangular  region  on  a 
processed  sample.  The  exposed  etch  depth  was  then  calculated  from  the  height  difference  between  the  top  surface  and 
the  bottom  trench  surface  of  the  exposed  microdisc.  The  reported  exposed  etch  depth  was  corrected  for  the  contribution 
from  the  native  etch  depth. 
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3.  RESULTS 


3.1  Laser  Exposure  Patterns 

Figure  4a  shows  a  photograph  of  a  100.0  mm  diameter  Foturan  wafer  following  UV  laser  exposure  and  thermal 
processing.  The  laser  exposure  template  corresponding  to  the  eight-microdisc  array  is  clearly  evident.  The  8x8  matrices 
on  each  of  the  seven  exposed  microdiscs  were  created  using  equivalent  power  or  fluence  levels.  The  microdisc  located  in 
the  center  of  the  polar  array  was  not  exposed  to  laser  patterning.  This  unexposed  microdisc  was  used  as  witness  sample 
in  the  native  etch  depth  and  native  etch  rate  measurements.  An  enlarged  view  of  an  individual  Foturan  microdisc 
following  laser  exposure  and  heat  treatment  is  shown  in  Fig.  4b.  The  power  levels  used  to  create  the  laser  exposure 
pattern  are  labeled  as  P1-P16  in  Fig.  4b  and  ranged  from  2.0  mW  to  25.0  mW. 


Figure  4.  (a)  Photograph  of  a  Foturan  wafer  following  variable  laser  exposure  and  thermal  processing,  (b)  Scanned  image  of  an 
individual  Foturan  microdisc  extracted  from  the  master  wafer. 


3.2  Etch  Rate  Results 

Figure  5  shows  the  etch  depth  versus  etch  time  for  native  unexposed  Foturan.  The  unexposed  glass  samples 
were  etched  in  5.0%  HF/H20  at  T=23.5  °C.  The  native  etch  depths  ranged  from  -3.0  pm  at  t=5.0  min  to  -16.0  pm  at 
t=28.0  min.  The  native  etch  rate  was  determined  to  be  0.62±0.06  pm/min  at  an  etching  temperature  of  T=23.5  °C.  Each 
data  point  in  Fig.  5  represents  the  average  etch  depth  obtained  from  the  VSI  analysis  of  30  locations  on  three  separate 
Foturan  microdiscs.  The  solid  line  represents  a  linear  least-squares  regression  fit  to  the  etch  depth  data. 

The  etch  depth  versus  etch  time  for  exposed  and  processed  Foturan  at  selected  incident  laser  powers  is 
displayed  in  Fig.  6.  The  incident  laser  powers  ranged  from  P=2.5  mW  to  P=25.0  mW  at  a  pulse  repetition  rate  of  10.0 
kHz.  The  etch  depths  varied  from  3.5  pm  at  t=5.0  min  to  25.0  pm  at  t=23.0  min  for  a  low  laser  exposure  power  of  P=2.5 
mW.  In  comparison,  a  high  laser  exposure  power  of  25.0  mW  produced  etch  depths  that  ranged  from  96.2  pm  at  t=5.0 
min  to  439.5  pm  at  t=23.0  min.  Each  data  point  in  Fig.  6  represents  the  average  etch  depth  derived  from  60  VSI 
measurements.  The  solid  lines  in  Fig.  6  represent  linear  least-squares  regression  fits  to  the  etch  depth  data. 

The  data  presented  in  Figs.  5  and  6  can  be  recast  in  the  form  of  an  etch  rate  ratio  which  is  defined  as:  etch  rate 
ratio  =  (exposed  etch  rate  /  native  etch  rate).  Figure  7  shows  the  etch  rate  ratio  versus  incident  laser  power  and  reveals 
two  distinct  laser  processing  regimes.  For  low  incident  laser  powers  ranging  from  P=2.0  mW  to  P=6.0  mW,  the  etch  rate 
ratio  increased  linearly  versus  power  with  a  slope  of  5.8±0.4  mW1.  In  this  low  power  regime,  the  etch  rate  ratio  varied 
from  1.2:1  at  P=2.0  mW  to  23.3:1  at  P=6.0  mW.  The  second  laser  processing  regime  corresponds  to  incident  laser 
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powers  ranging  from  P=10.0  mW  to  P—25.0  mW.  In  this  high  power  regime,  the  measured  etch  rate  ratio  remained 
constant  at  ~30:1. 


0  5  10  15  20  25  30  35 

Etch  Time  (min) 


Figure  5.  Etch  depth  versus  etch  time  for  native 
unexposed  Foturan. 


Etch  Time  (min) 


Figure  6.  Etch  depth  versus  etch  time  for  exposed  and 
processed  Foturan  at  various  incident  laser  powers. 


Laser  Power  (mW) 


Figure  7.  Etch  rate  ratio  versus  incident  laser  power  for 
Foturan.  The  laser  spot  diameter  was  3.0  pm. 


4.  DISCUSSION 

4.1  Sample  Microstructures  Realized  Using  Variable  Laser 
Exposure  Processing 

To  illustrate  the  utility  of  the  direct-write  variable 
laser  exposure  technique,  the  etch  rate  results  presented  in  Fig. 
7  were  implemented  in  the  fabrication  of  several  novel 
microstructures.  Figure  8  shows  the  controlled  fabrication  of  a 
Fresnel-type  lens  in  Foturan  glass.  The  laser  exposure  pattern 
employed  to  create  the  Fresnel  lens  consisted  of  five  sets  of 
concentric  circles.  Each  set  of  concentric  circles  was  patterned 
using  a  different  selected  laser  power  level. 

A  photograph  of  the  developed  permanent  image 
pattern  in  the  Foturan  substrate  prior  to  chemical  etching  is 
provided  in  Fig.  8a.  The  center  region  was  comprised  of  100 
concentric  circles  that  were  spatially  offset  by  5.0  pm.  Each  of 
the  four  outer  sets  of  circular  steps  consisted  of  40  concentric 


circles  that  were  also  spatially  offset  by  5.0  pm.  Consequently, 
the  diameter  of  each  set  of  circles  was  increased  by  400  pm  to  yield  a  total  diameter  for  the  Fresnel  lens  assembly  of 
2.10  mm.  The  incident  laser  powers  used  to  generate  the  permanent  image  pattern  in  Fig.  8a  varied  from  P=4.5  mW  to 
P=15.0  mW  at  a  pulse  repetition  rate  of  10.0  kHz.  These  power  levels  corresponded  to  etch  rates  that  ranged  from  10.0 
pm/min  to  18.7  pm/min. 
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A  photograph  of  the  fabricated  Fresnel  lens  structure  following  preferential  HF  etching  for  t=40.0  min  at 
T=23.5°C  is  displayed  in  Fig.  8b.  The  total  depth  of  the  inner  circular  region  of  the  Fresnel  structure  was  -700  pm  and 
the  ledge  heights  ranged  from  -60  pm  to  -400  pm.  These  dimensions  were  consistent  with  the  incident  laser  powers  and 
the  absolute  etch  rate  and  etch  rate  ratio  results  shown  in  Figs.  5-7.  The  microscale  features  contained  in  the  Fresnel  lens 
structure  were  created  concurrently  utilizing  variable  laser  exposure  techniques  combined  with  a  single  batch  etch 
procedure.  In  contrast  to  traditional  etching  techniques,  the  fabrication  of  these  features  did  not  require  the  use  of  an 
intricate  masking  sequence. 


(b) 


— 


400  pm  ledge 
60  pm  ledge 
100  pm  ledge 


Figure  8.  Photographs  of  the  Fresnel-type  lens  structure  following  (a)  variable  laser  exposure  at  X=355  nm  and  thermal  processing 
and  (b)  preferential  HF  etching  for  t=40.0  min  at  T=23.5°C. 


The  direct-write  variable  laser  exposure  technique 
has  also  been  applied  to  fabricate  microturbine  structures 
for  a  miniature  micropower  generator.  A  photograph  of  a 
complex  3D  multi-segment  turbine  prepared  in  Foturan  is 
shown  in  Fig.  9.  The  outer  diameter  of  the  microturbine 
assembly  was  -10.0  mm  and  the  supporting  base  height 
was  -300  pm.  The  outer  and  inner  microturbine  structures 
contained  24  and  12  rotor  vanes,  respectively.  The  vane 
heights  were  -350  pm  and  the  vane  thicknesses  varied  from 
-10-20  pm.  Figure  9  further  reveals  that  the  variable  laser 
exposure  technique  can  be  utilized  to  create  simultaneously 
high  aspect  ratio  (-35:1)  and  low  aspect  ratio  microscale 
features  with  complex  texturing  and  multi-faceted  surfaces. 


Figure  9.  Photograph  of  a  complex  3D  multi-segment  turbine 
fabricated  using  direct-write  variable  laser  exposure  processing. 
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5.  CONCLUSIONS 


The  selective  chemical  etch  rate  of  UV  laser-exposed  and  thermally  processed  Foturan  glass  was  shown  to  be 
strongly  dependent  on  the  incident  laser  dose  and  power.  Controlled  variation  of  the  laser  exposure  and  etch  rate  was 
integrated  into  a  direct-write  processing  scheme.  The  unique  combination  of  direct-write  volumetric  laser  patterning  and 
variable  exposure  techniques  provides  a  powerful  analytical  tool  for  creating  true  3D  microstructures  with  markedly 
different  heights  and  aspect  ratios.  These  microscale  features  can  be  fabricated  concurrently  on  a  common  substrate  and 
realized  in  a  single  batch  etch  without  a  masking  sequence.  The  variable  laser  exposure  method  also  facilitates  rapid 
prototype  processing  and  pattern  and  component  uniformity. 
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ABSTRACT 

The  problem  of  laser  pulse  interaction  with  small  solid  particles  (SSP)  in  a  gas  atmosphere  when 
detecting  its  parameters  is  a  serious  one  in  industrial  and  environmental  applications.  Previous 
investigations  have  shown  the  possibility  of  using  the  laser  induced  breakdown  method.  This  method  is 
very  sensitive,  but  for  a  particle  size  of  less  than  0.1  pm  the  damage  threshold  of  the  solid  target  is  very 
close  to  the  breakdown  point  of  pure  gas.  At  breakdown,  a  small  volume  of  dense  hot  plasma  emits 
radiation  by  which  the  size  and  material  of  particles  can  be  detected. 

We  used  an  analytical  model,  simulation  code  and  experiments  to  analyze  this  radiation  and  found 
that  the  emitted  intensity  varied  with  laser,  gas  and  particle  parameters.  Tire  increased  dependence  of 
SSP  plasma  emission  rate  on  initial  particle  volume  permits  this  method  to  be  used  for  measuring  small 
particle  size  by  using  emitted  line  spectrum  at  the  late  time  stage. 

Keywords:  small  particle,  gas  atmosphere,  pulse  laser,  plasma,  radiation,  measurement 

1.  INTRODUCTION 

Laser-induced  breakdown  (LIB)  of  gases  has  been  the  subject  of  a  number  of  studies  on  plasma 
generation.  It  has  been  observed  in  many  studies  that  the  threshold  for  generating  shielding  plasma  in 
the  presence  of  a  solid  is  significantly  lower  than  the  threshold  for  clean  gases  (see  for  example1,2). 

First,  the  dependence  of  aerosol  breakdown  on  its  size  was  predicted1  and  then  clarified3’4.  The  particle 
breakdown  threshold  value  is  greatly  influenced  by  particle  material,  particle  diameter,  laser 
wavelength,  intensity  and  pulse  duration. 

The  problem  of  measuring  small  solid  particle  (SSP)  size  is  important  for  industrial  and  environmental 
applications.  Previous  investigations  have  shown  the  possibility  of  using  the  laser  breakdown  method 
for  such  detection.  The  sensitivity  of  this  method  is  a  thousand  times  higher  than  that  of  conventional 
methods  such  as  ICP  and  MIT5.  However,  when  the  size  of  a  particle  located  in  gas  is  less  than  0. 1  pm, 
the  damage  threshold  is  very  dose  to  the  breakdown  point  of  pure  gas.  After  breakdown,  there  is  a 
small  volume  of  dense  hot  plasma  that  emits  radiation  in  lines  and  continuum.  This  study  set  out  to 
determine  the  threshold  intensity  required  to  generate  dense  plasma  when  interacting  with  SSP 
suspended  in  gas  and  its  emission.  We  analyzed  this  radiation  by  experiment,  analytical  model  and 
simulation  code,  and  found  that  the  emission  intensity  varied  depending  on  the  laser  type  and  plasma 
parameters  including  initial  particle  size. 

2.  EXPERIMENTAL  SET-UP 

Figure  1  shows  a  block  diagram  of  the  prototype  particle  calibration  system5.  A  commercially  available 
flash-lamp  excitation  Nd:  YAG  laser  was  used.  The  maximum  repeated  frequency  of  the  laser  was 
about  100  Hz  with  pulse  duration  of  5.8  ns  and  pulse  energy  of  10  -  50  mJ  We  used  a  50-mm  focal 
length  lens  to  focus  the  laser.  A  commercially  available  generation  device  was  used  for  uniformly 
distributing  particles  in  the  atmosphere  without  condensing  them.  Standard  particles  generated  by  the 
particle  generation  device  were  led  through  a  pipe  to  the  breakdown  cell.  The  pulse  laser  light  was 
focused  in  this  cell  and  generated  LIB.  The  light  generated  by  breakdown  was  led  to  a  monochromator 
and  recorded  by  a  streak  camera  with  timesharing  spectrum.  The  data  in  the  streak  camera  was  read  by 
a  computer  and  processed.  The  time  resolution  of  the  streak  camera  was  less  than  10  ps. 
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Figure  1 .  Particle  detection  system. 

3.  COMPUTER  CODE  AND  NUMERICAL  SIMULATIONS 

The  developed  simulation  code  includes  the  following  physical  processes:  propagation  of  a  wave 

inside  matter,  hydrodynamics  of  gas  atmosphere  and  plasma  by  two-temperature  approximation, 
thermo  heating,  absorption  of  laser  radiation,  thermal  radiation  emission  and  absorption  by  gas  and 
plasma. 

We  consider  that  gas  matter  consists  of  two  subsystems:  the  subsystem  of  heavy  particles  (molecules, 
atoms  and  ions),  and  the  electron-oscillator  subsystem  which  consists  of  thermal  energy  of  electrons, 
molecular  energy  of  oscillation  and  dissociation  and  energy  of  electron  excitation  and  ionization  of 
atoms  and  ions  We  suppose  that  at  any  moment  each  subsystem  is  in  equilibrium  determined  by  own 
temperature  and  gas  density.  The  energy  of  heavy  particles  is  the  sum  of  the  energies  of  movement  and 
rotation  of  its  components  The  energy  of  the  systems  changes  due  to  collisions  of  electrons  with  heavy 
particles  and  due  to  movement  and  rotation  channels.  We  also  take  into  account  electron  thermo¬ 
conductivity  and  energy  transformation  by  radiation  emission  and  absorption  of  the  electron  oscillation 
subsystem.  We  used  table  data  for  the  equilibrium  thermodynamic  and  optics  properties  of  the  gas12. 
The  equations  are  solved  numerically  by  the  methods  of*. 

4.  PLASMA  EMISSION 

In  paper  [9]  we  considered  the  main  processes  of  SSP  LIB  The  first  step  of  laser  pulse  interaction  with 
SSP  is  particle  heating  and  evaporation  by  laser  radiation.  For  a  small  spherical  particle  we  obtained 
the  laser  intensity  required  to  heat  and  vaporize  this  particle  The  breakdown  threshold  laser  intensity 
was  found  also.  As  our  particle  is  located  in  gas,  we  cannot  exceed  the  breakdown  threshold  of  pure 
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gas.  We  checked  our  theory  by  our  and  other  experimental  data.  The  experiment  was  done  using  PSL 
particles  located  in  air,  but  simulation  of  the  values  was  calculated  using  carbon  particles,  and  the 
experimental  and  theoretical  results  agreed  with  each  other9. 

During  laser  breakdown  (and  after,  if  the  duration  of  the  laser  pulse  is  longer  than  the  breakdown  time), 
the  electron  concentration  in  the  particle  vapor  rises  rapidly  and  at  some  point  in  time  the  plasma 
frequency  can  reach  and  even  exceed  the  laser  frequency.  At  some  distance  from  the  particle  center, 
there  is  a  resonant  point  at  which  the  absorption  coefficient  increases  greatly. 

After  LIB  the  entire  focal  volume  of  the  gas  and  particles  breaks  down  and  we  must  consider  radiation 
from  this  complex  area.  From  the  large  initial  SSP  density,  its  radiation  will  be  more  than  air  radiation 
initially,  but  due  to  the  huge  volume  difference  the  Bremsstrahlung  radiation  of  air  will  increase  very 
fast  after  the  radius  of  PP  has  doubled.  In  this  case,  we  should  analyze  the  line  emission  of  elements 
other  than  those  of  gas.  We  will  consider  the  late  stage  of  the  process  when  emission  from  SSP  plasma 
exceeds  gas  plasma  emission,  because  we  investigated  the  early  stage  previously9. 

4.1  Simulation  results 

To  the  plasma  emission  of  SSP  and  gas  we  used  the  code  described  in10.  From  simulations 

regarding  LIB  SSP  in  gas,  we  obtained  the  following  findings: 

•  Evaporation  through  laser  irradiation  starts  from  the  surface  of  SSP  and  the  volume  increases. 

•  The  evaporated  material  is  quickly  ionized  if  the  laser  intensity  exceeds  the  breakdown 
threshold. 

•  The  PP  absorbs  laser  energy  while  the  laser  pulse  continues  and  the  temperature  rises;  the 
temperature  then  decreases  slowly  after  the  pulse. 

•  Absorption  is  determined  first  by  absorption  of  the  solid  and  at  that  moment  the  gas  is 
transparent.  The  PP  size  is  close  to  that  of  SSP,  and  has  resonance.  There  is  sufficient  growth 
in  absorption  if  Tt  is  high  enough. 

•  After  the  surrounding  particle  gas  is  ionized  by  particle  radiation,  it  absorbs  much  laser  light 
in  the  “light  absorption  wave”  regime1. 

•  In  the  early  stage  at  time  <  0. 1  ns,  emission  from  the  vapor  plasma  exceeds  air  radiation. 

An  example  of  the  simulation  results  is  shown  in  Fig.  2,  showing  the  density  and  temperature 
distributions  of  the  interaction  area  at  100  ns  for  carbon  particles  of  initial  size  100  nm  in  air  at  1  atm 
pressure.  We  see  that  even  at  this  moment,  a  strong  shock  wave  propagates  into  gas  but  then  attenuates 
quickly.  Most  of  the  radiation  is  emitted  from  the  area  near  the  contact  boundary  between  the  particle 
gas  and  air.  This  area  spreads  up  to  the  distance  of  the  shock  wave  head. 
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Figure  2.  Density  (dash  line)  and  electron  and  ion  temperature  (solid  lines)  distributions  of  interaction 
area  at  the  moment  100  ns  for  carbon  particle  with  initial  size  100  nm  in  air  at  1  atm  pressure;  laser 
intensity  200  GW/cm2,  pulse  duration  5.8  ns. 
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Main  factors  influencing  the  emission  produced  by  the  particles  and  ambient  atmosphere  are: 

1)  Changes  in  the  vaporized  amount  by  plasma  shielding 

2)  Changes  in  plasma  temperature  by  the  absorption  of  laser  radiation 

3)  Changes  in  the  plasma  expansion  during  and  after  the  laser  pulse 

The  increase  in  the  emission  intensities  in  the  rarefied  atmosphere  is  related  to  the  first  factor.  The 
plasma  temperature  is  higher  for  denser  conditions  due  to  the  second  factor  The  slower  decay  rate  of 
the  temperature  is  related  to  the  third  factor  Plasma  confinement  by  the  surrounding  atmosphere 
prevents  fast  expansion  of  plasma 

The  calculated  maximum  shown  in  Fig.  3,  in  which  the  line  emission  intensity  changes  as  a  function  of 
the  ambient  pressure,  is  explained  by  the  above  mechanisms. 

The  differences  in  emitted  intensities  in  Ar  (red  curve)  and  air  (blue  curve)  can  be  explained  by  the 
differences  in  densities,  thermal  conductivities  and  absorption  coefficients  of  the  gases.  The  line’s 
radiation  of  energy  of  quantum  e»2  eV  and  e*5  eV  has  almost  5  times  more  absorption  in  air  than  in 
Ar13.  This  is  related  to  the  molecular  structure  of  air.  There  is  also  only  vapor  cooling  by  radiation  and 
thermal  conductivity  after  100  ns  when  the  shock  wave  has  attenuated  Gas  thermal  conductivity 
increases  with  its  temperature  and  pressure,  especially  after  breakdown  because  of  the  coefficient  of 
plasma  conductivity.  Therefore,  particle  vapor  cools  faster  when  ambient  gas  pressure  is  higher 
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Figure  3.  Calculated  dependence  of  emitted  line  intensity  on  the  pressure  of  ambient  gas  (dash  curve  - 
Ar,  solid  curve  -  air)  for  PSL  particle  of  diameter  100  nm. 
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Figure  4  shows  the  dependence  of  Er  on  initial  particle  size  ro,  where  E,  is  total  energy  emitted  in  the 
line  spectral  range  [4.7,  5. 1  eV]  and  integrated  in  space  at  the  moment  t  =  100  ns. 


Figure  4.  Calculated  dependence  ofE,  on  initial  particle  size  of PSL  particle  in  air  of  1  atm  (dash 
curve)  and  0.1  atm  (solid  curve)  pressure. 

4.2  Experimental  results  and  comparison  with  theory 

In  the  measurements,  we  observed  die  spectral  line  of  Na  (D  line),  a  component  of  salt.  Our  results 
proved  that  the  intensity  of  the  line  emission  is  greatly  affected  by  ambient  pressure  and  the  type  of 
surrounding  gas9  and  the  experimental  results  correlate  closely  with  our  simulation  and  analytical 
model10.  Figure  5  shows  the  results  of  testing  the  average  diameter  of  salt  particles  and  the  total 
emission  energy  of  the  Na  D-line.  These  results  show  that  the  eventual  size  of  particles  that  can  be 
measured  at  present  is  approximately  30  nm.  The  results  of  the  simulation  and  model  approximation 
are  slightly  different  due  to  the  limitations  of  our  models. 
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Figure  5.  Dependence  of  Er  emitted  energy,  in  the  spectral  range  [2.05, 2. 1 5  eV],  at  the  moment  t  =  100 
ns,  on  initial  particle  size  (in  nm)  for  Na  particle  in  Ar  at  0.3  atm  pressure.  Here:  dash  curve  - 
experimental  data,  dots  -  simulation  results,  solid  -  model  approximation. 
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5.  CONCLUSION 


We  analyzed  the  line  emission  of  particle  plasma  after  laser  breakdown  by  experiment,  and  found  that 
the  emission  intensity  varied  depending  on  the  laser  type  and  plasma  parameters  iwJnrfing  initial 
particle  size 

We  developed  an  analytical  model  and  simulation  code  to  calculate  laser  pulse  interaction  with  small 
solid  particles  in  a  gas  atmosphere.  During  the  interaction,  the  surrounding  particle  gas  was  ionized  by 
particle  plasma  radiation  and  absorbed  much  laser  light.  Thereafter,  the  total  light  emission  from  gas 
exceeded  the  emission  from  plasma  particles  from  a  large  gas  radiated  volume,  but  the  line  emission 
from  particle  plasma  permitted  the  target  material  to  be  detected  at  a  late  stage  of  the  process.  The 
increased  dependence  of  SSP  plasma  line  emission  rate  on  initial  particle  size  permits  this  method  to  be 
used  for  measuring  particle  size  for  particle  diameters  of  less  than  100  nm. 
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ABSTRACT 

In  the  present  paper.  Iodine,  Xel*,  XeCl*,  KrCl  barrier,  glow  and  capacitive  discharge  excilamps  have  been 
studied.  Xe-I2,  He-I2  or  Xe-  He-I2  excilamps  emit  at  iodine  monatomic  resonance  lines  in  the  range  of  180  -  210  nm, 

and  on  Xel*  molecule  band  (A _ ,  =  253  nm).  Besides  that,  by  varying  pressure  and  mixture  composition,  it  is  possible  to 

control  relation  between  iodine  monatomic  lines  and  Xel*  molecule  band  radiation  intensity.  The  efficiency  level  is  up  to 
12  %.  The  lifetime  in  sealed-off  excilamps  was  more  1000  h.  It  is  shown  that  at  barrier  KrCl  and  XeCl  excilamps 
excitation  by  short  (2*2,5  ps)  unipolar  or  bipolar  voltage  pulses  the  efficiency  is  higher  than  by  sine  pulses  excitation. 
Output  at  A.~222  nm  up  to  100  W  and  at  308  nm  up  to  75  W  from  barrier  discharge  excilamps  was  obtained.  Presence  of 
filaments  occurs  to  be  a  necessary  condition  to  obtain  high  efficiency  since  in  that  case  a  demanded  level  of  excitation 
specific  power  is  being  achieved.  Radiation  pulse  delay  relatively  to  excitation  in  the  conditions  of  homogeneous 
discharge  probably  demonstrates  low  efficiency  of  KrCl  and  XeCl*  molecules  formation  at  a  low  level  of  excitation 
power.  Output  at  A.~222  nm  up  to  190  W  and  at  308  nm  up  to  91  W  from  glow  discharge  excilamps  was  demonstrated. 

Keywords:  Iodine,  Xel*,  XeCl*,  KrCl  excilamps;  barrier,  capacitive  and  glow  discharges;  efficiency 


1.  INTRODUCTION 

In  recent  decade,  interest  in  design  and  development  of  new  types  of  UV  and  VUV  spontaneous  radiation  sources,  in 
particular  excilamps,  has  considerably  grown.  These  sources  are  essentially  simpler  in  design  and  operation  as  compared 
to  lasers,  and  emit  in  wider  range  of  wavelengths.  The  most  efficient  excilamps  on  transitions  of  rare  gas  dimers  R*2  and 
rare  gas  monohalides  RX*  can  find  wide  industrial  application.  Therefore  improving  of  their  output  parameters  is  of 
great  importance.  An  active  interest  has  been  expressed  in  creation  of  efficient  mercury  free  gas  discharge  sources  of 
spontaneous  radiation  in  UV  and  VUV  spectrum  ranges  [1,2).  For  the  most  part  the  papers  of  this  direction  are  devoted 
to  study  more  efficient  Xe  excilamps  radiating  in  the  main  at  B-X  transition  of  X2*  dimer  (A.  =  172  nm)  [3-5  and  others). 
Nevertheless,  in  a  row  of  applied  problems  radiation  at  the  range  of  180  -  210  nm  is  demanded  which  may  be  obtained 
using  iodine  excilamp  operating  on  iodine  vapors  or  mixture  of  iodine  with  inert  gases  [6-9).  In  the  radiation  spectrum  of 
such  lamps  at  low  pressure  the  lines  of  iodine  atomic  transitions  at  A.  =  183, 185, 206  nm;  and  at  high  pressure  the  bands 
of  molecule  I2  (A,  =  342  nm)  and  corresponding  exciplex  molecules  are  dominating.  In  the  case  of  using  Xe  - 12  mixture 
the  most  intensive  B-X  band  of  the  molecule  Xel’  (A,  =  253  nm)  coincides  with  the  resonance  line  of  mercury  atom  that 
is  rather  promising  from  the  point  of  view  of  mercury  free  luminescent  lamps  creation. 

Barrier  discharge  excilamps  are  the  most  simple  and  rather  promising  UV  and  VUV  radiation  sources.  A  great  many 
papers  has  been  devoted  to  such  lamps  investigation  of  these  lamps  [3,4,  17-24).  Working  temperature  of  excilamp 
influences  on  efficiency  and  is  dependent  on  cooling  conditions  and  average  pumping  power.  Thus,  the  question 
concerning  the  efficiency  is  rather  important  both  from  the  point  of  view  of  obtaining  definite  values  of  specific  and 
integral  energy  parameters  of  excilamp  and  from  the  lifetime  increase  viewpoint.  For  barrier  discharge  excilamps 
excitation,  the  sine  voltage  generators  are  traditionally  used.  Characteristic  values  of  conversion  efficiency  of  the  power 
input  into  operating  media  into  optical  radiation  made  as  10-15  %  [17, 18).  This  is  in  correlation  with  the  results  obtained 
for  the  glow  discharge  excited  excilamps  [25-27).  Earlier  in  [20,  21]  we  noted  the  advantage  of  using  sine  form  of  the 
voltage  pulse  of  22  kHz  frequency  in  comparison  with  a  short  high  voltage  pulse  with  50*-100  ns  duration  for  excitation 
of  Xe2,  Kr2,  KrCl  h  XeCl  excilamps  by  a  barrio-  discharge.  According  to  [21],  the  main  reason  to  obtain  low  efficiency 
in  the  case  of  short  high  voltage  pulses  formed  by  a  thyratron  TGI  10000/25  based  generator  is  first  of  all  decrease  of 
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energy  input  into  gas  discharge  plasma  relatively  to  the  storage  one.  Secondly,  considerable  overvoltages  occur  at  the 
gas  discharge  gap  leading  to  non-optimal  from  the  viewpoint  of  forming  excipiex  molecules  values  of  presented 
normalized  electric  field  strength  Elp  in  the  gas  discharge  plasma  (E  is  electric  field  strength,  p  is  pressure).  Along  with 
this,  in  recent  papers  [3, 4]  efficiency  increase  of  Xe^barrier  discharge  excilamp  at  short  (risetime  is  about  250+750  ns) 
excitation  as  compared  to  sine  pulse  excitation  were  demonstrated.  To  the  authors  of  [3]  opinion,  increase  of  efficiency 
observed  occurs  owing  to  forming  of  optimal  function  of  electron  distribution  by  energy  and  minimization  of  elastic  and 
non-elastic  energy  losses  of  electrons  in  the  processes  not  leading  to  excimer  molecule  Xe2*  formation  It  notes  in  paper 
[4]  that  for  Xe?  excilamp  efficiency  increase  it  is  necessary  to  form  a  homogeneous  (diffuse)  discharge  with  essentially 
lower  electron  density  as  compared  to  the  electron  density  characteristic  for  filaments.  Discharge  homogeneity  is  being 
provided  due  to  steep  front  of  voltage  pulse,  ft  is  known  that  formation  of  excipiex  and  excimer  molecules  differs  [28], 
That  is  why  there  are  grounds  to  believe  that  the  conditions  corresponding  to  obtain  maximal  efficiency  may  also  differ, 
for  e.g.,  for  Xe/  and  KrCl*  excilamps. 

In  this  paper,  output  parameters  of  excilamps  with  different  geometry  pumped  by  continuous  glow  discharge, 
capacitive  discharge,  barrier  discharge  are  presented.  The  work  is  devoted  to  investigate  of  Xe(He)-l2  excilamps  excited 
by  glow  and  capacitive  low-pressure  discharges,  to  study  of  the  form,  excitation  pulse  power  and  other  discharge 
parameters  influence  on  barrier  KrCl  and  XeCl  excilamps  efficiency  and  to  investigate  of  KrCl  and  XeCl  excilamps 
excited  by  glow  discharge. 


2.  EXPERIMENTAL  SET-UP  AND  METHODS 

The  experiments  with  iodine  were  conducted  with  the  excilamps  of  cylindrical  construction  made  of  quartz  with 
transmissivity  at  X  =  200  nm  not  less  than  70%  In  a  row  of  cases  in  order  to  increase  the  operating  lifetime  a  special  box 
with  iodine  in  a  solid  phase  connected  to  the  discharge  volume  was  used.  The  temperature  of  the  box  as  the  most  cool 
zone  of  the  lamp  determines  the  concentration  of  iodine  vapours  in  the  operating  mixture.  In  Figs  1  and  2  the 
constructions  of  glow  discharge  and  capacitive  discharge  excilamps  are  presented.  Electrodes,  bulb  walls,  discharge 
zone,  and  the  box  with  crystalline  iodine  are  shown  by  numericals  1,  2,  3,  and  4,  correspondingly  The  Fig  la;  ft  depicts 
constructions  of  the  glow  discharge  excilamps,  correspondingly,  in  zones  behind  electrodes  and  in  the  middle  part  of  the 
bulb  The  Fig.  2  shows  the  capacitive  discharge  excilamps  For  excitation  there  were  used  high  voltage  generators  with 
pulse  repetition  rates  from  10  to  100  kHz  for  the  capacitive  discharge  excilamps,  and  the  set  step-up  transformer 
providing  alternating  and  rectified  voltage  for  the  glow  discharge  excilamps. 

In  the  experiments  with  barrier  discharge,  traditionally  constructed  water  cooled  coaxial  lamps  made  of  quartz  were  used 
[19].  Gas  gap  was  6+9  mm,  excilamp  length  was  varied  from  5  to  75  cm.  High  voltage  was  applied  to  external  electrode 
made  of  metallic  grid.  Two  generators  were  used  for  excitation,  one  of  those  provided  obtaining  of  sine  voltage  with 
frequency  of  17  kHz,  and  the  second  generator  provided  unipolar  and  bipolar  voltage  pulses  with  duration  at  the  base 
about  2  ps,  rise-  and  falhime  duration  was  of  about  250  ns  or  about  1  ps  at  p.r.r.  10+100  kHz.  Principal  electric  circuit  of 
the  second  generator  is  presented  in  Fig.  3. 

In  the  experiments  with  glow  discharge  coaxial  and  cylindrical  lamps  made  of  quartz  were  used.  Diameter  of  the  tubes 
was  20,  55  mm  and  its  length  was  up  to  150  cm.  The  gap  between  the  tubes  in  coaxial  excilamp  was  from  5  to  20  mm. 
The  electrodes  of  glow  discharge  excilamps  were  coupled  to  DC  power  supply  providing  discharge  current  up  to  1  A 
and  voltage  across  the  discharge  gap  up  to  10  kV.  AC  power  supply  voltage  was  used  in  some  experiments. 

Excitation  power  for  barrier  and  capacitive  discharge  was  determined  by  two  methods,  using  well-known  method  of 
volt-coulomb  loops  [13,  14]  and  by  determining  voltage  at  gas  discharge  gap  taking  into  account  voltage  fall  at  lamp 
capacity.  In  the  second  case  there  was  a  possibility  to  determine  a  instantaneous  power  value  and  deposited  excitation 
energy  for  the  instant  moment  of  time.  For  the  glow  discharge  excilamps  discharge  current  (I)  and  voltage  across  the 
excilamps  (U)  were  monitored  using  DC  or  pulsed  milliammeters  and  kilovoltmeter.  Input  power  was  calculated  as 
P=IxU 

The  working  mixtures  were  prepared  just  in  the  lamp  volume  with  successive  inlet  of  halogen  (Cl2, I2)  and  inert  (Xe,  Kr, 
At,  Ne,  He).  Registering  of  current  pulses,  voltage,  and  also  time  behaviour  of  radiation  pulses  were  realised  using, 
correspondingly,  current  shunt,  voltage  divider,  FEK-22  and  oscilloscope  TDS-220.  In  a  row  of  cases,  for  the  lamp 
capacity  voltage  fall  determining,  an  additional  capacity  was  installed  in  series  into  circuit.  Measurements  of  radiation 
intensity  in  the  needed  spectral  range  were  made  using  calibrated  photodiode  FEK-22  SPU  and  set  of  light-filters  with 
definite  transmitting  coefficients  at  different  spectral  ranges  using  known  method  [15],  Besides  that,  the  radiation 
spectrum  of  the  lamp  in  the  range  of  200  +  600  nm  using  special  spectral  complex  including  monochromator  MDR-23 
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and  FEU-100  was  measured.  Integral  picture  of  the  discharge  lighting  was  photographed  using  a  digital  camera. 


3.  EXPERIMENTAL  RESULTS  and  DISCUSSION 
3.1  Xe-I2,  He-I2  or  Xe-  He-I2  excilamps 

The  radiation  intensities  in  the  range  200  nm  <  X  <  255  nm  for  operating  glow  discharge  and  capacitive  discharge 
excilamps  with  operating  mixtures  Xe  - 12,  He  - 12 ,  He  -  Xe  - 12  at  equal  partial  pressures  of  He  and  Xe,  Ar  - 12  and  I2 
were  estimated.  The  pressure  of  the  active  media  of  the  glow  discharge  excilamp  which  the  maximum  radiation  power 
level  was  provided  was  typical  for  a  glow  discharge  [16]  and  made  -0.1-5-20  Torr.  Pressure  increase  resulted  in 
^Pf-rpacing  of  radiation  power  and  worse  discharge  operating  due  to  contracting  occur.  Low  pressures  as 
<  0.1  Torr  were  also  non  optimal.  First,  it  occurred  due  to  radiation  power  decrease.  Second,  at  low  pressure  cathode 
material  sputtering  and  metal  electrode  iodide  production  rate  increase  resulting  in  undesirable  decrease  of  the  tube 
transparency.  The  data  obtained  on  radiation  power  of  excilamp  for  different  operating  mixtures  in  Table  1  are 
presented.  Excitation  was  performed  at  equal  pressures  of  buffer  gas  and  iodine  vapours  (the  temperature  of  the  box,  the 
most  cool  bulb  zone  of  the  excilamp  with  crystal  iodine  did  not  changed),  and  at  equal  voltage  to  the  lamp’s  electrodes 
from  the  supply  source. 

Table  1. 


Operating  mixture 

Xe-I2 

He-I2 

He-Xe-I2 

Ar-I2 

Radiation  power, 
arb.  un. 

1 

0.9 

0.85 

0.1 

It  is  seen  from  the  Table  1  that  the  most  high  values  of  the  radiation  power  take  place  for  the  operating  media  Xe  - 12,  He 
- 12,  He  -  Xe  - 12.  Maximal  output  power  radiation  made  up  to  14  W.  Radiation  efficiency  made  there  not  less  than  ~  12 
%.  Dependencies  of  the  glow  discharge  excilamp  efficiency  and  output  power  on  excitation  power  for  the  operating 
media  Xe  - 12,  He  - 12  are  presented  in  Fig.  4a,  4b.  When  using  operating  medium  Ar  - 12  or  iodine  vapours  only  the  lamp 
operation  is  much  worse.  Efficiency  value  with  this  did  not  exceed  -2-5-4  %.  The  lifetime  of  the  sealed-off  glow 
discharge  excilamp  with  operating  mixture  Xe  - 12  made  more  than  1000  hours.  When  needed  the  box  could  be  heat- 
isolated  or  wanned,  either  at  the  expense  of  the  part  of  the  discharge  current  flowing  to  special  electrode  placed  in  the 
box.  Current  was  reduced  with  use  of  a  resistor  placed  between  the  spiral  and  one  of  the  main  electrodes.  Maximal 
output  power  radiation  was  obtained  up  to  12  W. 

The  similar  results  have  been  obtained  for  the  capacitive  discharge  excilamps.  The  performance  radiation  intensities  in 
the  range  200  <  X  <  255  nm  at  filling-in  the  lamp  with  operating  mixtures  Ne  - 12,  Kr  - 12,  Xe  - 12,  He  - 12  and  He  -  Xe  - 12 
at  equal  partial  pressures  of  He  and  Xe,  and  also  in  the  mixture  Ar  -  I2  and  iodine  vapours  were  defined.  The  optimum 
pressure  of  operating  mixture  at  which  the  maximum  power  level  of  UV  was  provided  depends  on  pulsed  repetition  rate 
and  it  did  not  exceed  1 5  Torr  for  the  frequency  20  kHz,  with  this  use  of  more  heavy  buffer  gases  decreased  the  optimum 
pressure.  In  Table  2  the  data  obtained  on  lamp  radiation  power  determination  for  different  operating  mixtures  are 
presented.  The  excitation  was  realised  at  equal  pressures  of  the  buffer  gas  and  iodine  vapours,  and  also  at  equal  voltage 
applied  to  the  lamp  electrodes  from  the  supply  source  at  20  kHz  frequency.  Maximal  output  power  radiation  made  up  to 
14  W.  It  is  seen  from  the  Table  2  that  the  most  high  radiation  power  values  take  place  when  using  operating  mixtures 
such  as  He  - 12 ,  Xe  - 12,  He  -  Xe  - 12.  The  radiation  efficiency  was  not  less  than  ~  9  %.  At  use  of  Ar  -  I2  operating 
mixture  the  lamp’s  operation  was  much  worse.  Value  of  efficiency  did  not  exceed  -  1  %.  Excitation  of  only  iodine 
vapours  without  addition  of  buffer  gas  with  listed  conditions  on  supply  and  geometry  demanded  preliminary  lamp 
warming  up  and  gave  more  less  radiation  powers. 

Table  2. 


Operating  mixture 

Xe-I2 

He-I2 

He-Xe-I2 

Ne-I2 

Ar-I2 

Radiation  power, 
aib.  un. 

0.9 

1 

0.7 

0.4 

0.1 

Proc.  SPIE  Vol.  4637 


421 


Radiation  spectrum  of  the  capacitive  discharge  excilamp  in  the  operating  mixture  Xe-I2  at  pressure  of  Xe  =1  Torr  is 
presented  in  Fig.  5.  It  is  seen  that  at  this  mixture  pressure  the  atomic  iodine  line  X  =  206.2  nm  dominates  in  the  spectrum. 
At  pressure  rise  up  to  10  Torr  and  more  the  radiation  spectrum  contains  not  only  the  line  X  =  206.2  nm  but  also  the  band 
X  =  253  nm  of  the  molecule  Xel*  increasing  with  the  mixture  pressure  rise. 

The  lifetime  of  the  sealed-off  excilamp  pumped  by  a  capacitive  discharge  with  the  operating  mixture  Xe  - I,  made  more 
than  1000  hours. 

3.2.  KrCl  h  XeQ  excilamps  pumped  by  a  barrier  discharge 

During  the  experiments,  aiming  at  checking  of  different  conditions  influence  on  KrCl  and  XeCl  excilamp  efficiency, 
optimization  of  pressure  and  mixture  composition  containing  Kr,  Xe  and  Cl2  was  preliminarily  made.  The  best  data  were 
obtained  for  the  mixture  Kr  :  Cl2  =  200  :  (1+0.5)  at  total  pressure  s  200  Torr.  Output  at  X-222  nm  up  to  100  W  from 
barrier  discharge  excilamps  was  demonstrated.  At  decrease  of  the  total  pressure  or  Cl2  contents,  the  most  homogeneous 
discharge  is  still  observed  in  the  mixture  but  radiation  power  decreases.  Pressure  increase  or  Cl2  contents  in  the  mixture 
leads  to  discharge  contraction  with  formation  of  bright  lighting  sparks,  i.e.  contraction  channels,  that  also  leads  to 
radiation  power  decreasing. 

As  it  was  noted  above,  in  the  present  work  the  generators  were  used  which  provided  excitation  pulses  formation  of 
different  forms.  In  Fig.  6  typical  oscilloscope  traces  of  current  pulses,  voltage  at  the  lamp  electrodes,  radiation  pulse  at 
B-X  transition  of  the  KrCl  molecule,  calculated  excitation  power  curves  for  the  sine  pulse  generator  used  are  presented. 
It  is  seen  that  the  radiation  takes  place  during  the  most  time  of  the  discharge  active  phase  (after  the  sharp  voltage 
decrease  at  the  discharge  gap).  It  is  also  necessary  to  note  radiation  intensity  modulation,  delay  (»2+2,5  ps)  of  radiation 
pulse  relatively  to  initial  stage  of  excitation  pulse  and  their  further  correlation  are  demonstrated.  The  rWart«>ri«rir  is  a 
relative  constant  of  the  gas  discharge  voltage  fall.  That  determines  the  small  value  of  the  displacement  current  4 
relatively  to  the  total  current  at  the  gas  discharge  gap  Iz : 


h 


s.™-s-(£ °'e'EK 

dt  dt 


1  dU.  ^  dUB 

£'~i — ir~~ca  ’  ~ r5"  -  °-25  • , 
d  dt  *  dt  * 


0) 


where  D,  E,  Ug  are  electric  displacement,  electric  field  strength  and  voltage  fell  at  the  gas  discharge  gap;  eo,  e  are 
electric  constant  and  plasma  dielectric  permeability,  correspondingly;  S,  d,  Cg  are  area,  gap  and  capacity  of  the  gas 
discharge  gap. 

Plasma  dielectric  permeability  value  e  in  general  case  of  medium  with  dispersion  could  be  approximately  taken  as  1  and 
its  change  with  can  be  neglected  The  equation  for  plasma  dielectric  permeability  value  dependent  on  circular  frequency 
of  the  field  applied  6)  in  [16]  is  presented  as: 


e(co)  =  1  - 


4  m2ne  (o2p 

m{(o2+v2m)  &2+v2’ 


(2) 


where  op  is  plasma  frequency,  vm  is  collision  frequency  of  electrons,  n,  is  electron  density,  e  is  charge  of  electron 
Estimation  of  the  value  e(<»)  for  the  experiment  conditions  presents,  first,  practical  absence  of  dependence  of  e  on  ©, 
since  ©«vm  ~  1012  c'.  Second,  at  electron  concentration  at  the  range  1012  +  10M  cm'3,  characteristic  for  barrier 
discharge,  the  value  e  makes  about  1+0.9  ~  1.  At  lamp  operation,  a  rather  homogeneous  discharge  with  diffuse  filaments 
is  visually  observed.  The  dependencies  of  lamp  efficiency  and  radiation  specific  power  via  specific  power  of  excitation 
in  optima]  operating  mixture  and  sine  pulses  excitation  are  presented  in  Fig.  7  Absolute  values  of  efficiency  and 
tendency  of  its  dependence  on  excitation  power  well  correlates  with  the  results  obtained  in  [  1 8], 

When  using  single  and  bipolar  excitation  pulses  with  duration  in  base  about  2  ps  at  p.r.r.  17,  33,  60,  93  kHz,  the  more 
non-homogeneous  discharge  combustion  with  well  pronounced  filaments  is  visually  observed.  Filaments  density  is 
approximately  about  1.5  times  lower  («  0.4  cm'2)  than  in  the  case  of  sine  pulse  excitation.  In  Fig.  8  efficiency 
dependencies  and  radiation  specific  power  ones  on  excitation  specific  power  for  the  case  of  unipolar  excitation  pulses  at 
93  kHz  are  demonstrated.  It  is  necessary  to  note  that  specific  characteristics  were  defined  taking  into  account  the  whole 
discharge  volume,  though  it  is  obvious  that  in  presence  of  well-pronounced  filaments  both  volume  excitation  and 
radiation  are  drastically  non-homogeneous.  That  is  why  the  above-mentioned  characteristics  should  be  considered  in 
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presence  of  filaments  as  average  along  the  discharge  volume.  Comparison  of  Fig.  7  and  Fig.  8  allows  to  conclude  that, 
firstly,  at  increase  of  input  power  in  the  both  cases  efficiency  decreases,  that  may  be  related  to  overexcitation  and 
overheating  of  medium.  Secondly,  at  short-pulse  excitation  there  is  one  advantage  (for  about  20  %  for  equal  values  of 
specific  power  of  excitation).  Due  to  more  quick  voltage  increase  at  the  discharge  gap  and  its  variations  in  time  the 
displacement  current  occurs  to  be  comparable  by  amplitude  with  the  total  current  This  causes  strong  modulation  of 
excitation  power  and  correlating  with  the  last  modulation  of  the  radiation  power.  (Fig.  9). 

As  it  has  been  already  intimated  above  in  [4],  Xej  barrier  discharge  excilamp  efficiency  is  dependent  on  the  discharge 
homogeneity.  In  order  to  check  possible  influence  of  the  discharge  homogeneity  on  KrCl  excilamp  efficiency,  an 
additional  experiment  in  absence  of  visually  observed  in  the  gas  discharge  plasma  filaments  was  conducted,  that  was 
realized  in  Kr :  Cl2  =  200 : 0.5  mixture  at  total  pressure  100  Torr  and  excitation  by  short  pulses.  The  results  of  that  check 
are  presented  in  Fig.  11.  The  main  difference  from  the  above  presented  data  is,  first  of  all,  non-monotonous  run  of  the 
efficiency  curve  with  a  maximum  at  excitation  specific  power  of  about  0.45  W/cm3.  Secondly,  the  most  high  value  of 
efficiency  in  this  case  occurs  to  be  in  2*3  times  lower  relatively  to  those  ones  obtained  for  the  mixtures  for  the 
conditions  of  Fig.  10  at  the  same  excitation  specific  powers.  Besides  that,  in  absence  of  filaments,  just  as  in  the  case  of 
sine  voltage  excitation,  there  is  a  radiation  pulse  delay  of  about  0.5  ps  relatively  to  the  excitation  pulse  beginning.  At  the 
Bimp  time,  in  presence  of  filaments,  such  a  delay  is  practically  not  observed  (Fig.  9,  Fig.  1 1).  The  main  reason  for  such  a 
distinction  is  probably  an  essentially  high  excitation  specific  power  in  the  volume  occupied  by  filaments.  This  difference 
can  be  of  2  orders  and  more  since  according  to  estimations  the  occupied  by  filaments  volume  is  so  much  times  smaller 
than  the  total  gas  discharge  volume  taking  into  account  during  excitation  specific  power  determination.  A  correlation 
between  the  values  of  normalized  electric  field  strength  Elp,  excitation  specific  power  for  a  unit  volume  unity  and  per 
particle,  efficiency  for  the  conditions  of  the  experiment  conducted,  and  also  for  the  glow  discharge  [26]  gives  the 
following  results.  First,  at  comparable  values  of  efficiency  about  10  %  in  glow  and  barrier  discharges  in  presence  of 
filaments  there  are  close  values  E/p  «  8-10  V-cm'-Torr  \  excitation  specific  power  for  a  unit  volume  « tens  W-cm  ,  « 
(10-50)-10‘18  W  for  one  particle.  For  the  barrier  discharge,  the  volume  occupied  by  filaments  is  taken  into  account. 
Secondly,  at  the  essentially  lower  efficiency  (2.5-4  %)  at  homogeneous  combustion  of  the  barrier  discharge  (without 
visually  registered  filaments)  the  excitation  specific  powers  make  »  0.3*3  W-cm'3  and  »  (0.2*2)  -1048  W  for  one 
particle.  Elp  is  >  15  V-cm4*Torr4. 

Values  of  plasma  energy  input  during  one  period  for  a  unit  of  volume  in  barrier  discharge,  Q,  are  determined  by  capacity 
of  dielectric  layers  of  the  lamp  Cd  (typical  values  Cd*  1-1.5  pF-cm'2),  by  gas  gap  d  and  voltage  amplitude  {/max: 

O  <  (3) 

^  2d 

In  homogeneous  discharge,  the  energy  is  nearly  uniform  for  a  unit  volume,  and  in  presence  of  filaments,  all  energy  is 
only  in  unit  volume  filaments  themselves,  that  does  provide  excitation  specific  power  increase  in  the  discharge  with 
filaments.  Increasing  of  deposited  in  plasma  energy  during  one  period  for  a  unit  volume  in  barrier  discharge, 
homogeneous  combustion  including,  is  possible  at  increasing  of  supply  voltage,  using  dielectric  with  high  value  e,  but 
obvious  technical  difficulties  occur  here  such  as  electric  strength  of  dielectrics,  difficulties  when  work  with  high  voltage, 
etc. 

Thus,  based  on  the  presented  data  the  following  conclusions  can  be  done.  Presence  of  filaments,  i.e.  spatial  zones  with 
high  excitation  specific  power  in  a  barrier  discharge  is  a  necessary  condition  to  obtain  high  efficiency  of  barrier 
discharge  KrCl  excilamp.  Uniform  distribution  of  similar  excitation  power  input  in  the  volume  in  the  homogeneous 
discharge  conditions  leads  to  efficiency  decrease.  At  lower  excitation  power,  the  rates  of  plasma  chemical  reactions 
providing  excited  exciplex  KrCl*  molecules  are  low  that  leads  to  the  observed  in  the  experiment  a  radiation  pulse  delay 
relatively  the  excitation  pulse  beginning.  Efficiency  non-monotonous  dependence  versus  excitation  specific  power  in  the 
discharge  without  filaments  (Fig.  10)  with  a  maximum  at  *  0.45  Wcm'2  can  be  obviously  explained  by  more  high  values 
of  E/p  and,  correspondingly,  by  non-optimal  conditions  of  KrCl*  molecules  formation.  Similar  dependences  were  either 
obtained  for  XeCl  barrier  discharged  excilamp. 

3.3.  KrCl  h  XeCl  excilamps  pumped  by  a  glow  discharge 

Coaxial  excilamps.  Excilamp  with  the  gap  from  7  up  to  18  mm  was  found  to  emit  the  highest  average  power.  Output 
power  at  X~222  nm  up  to  190  W  was  obtained.  Output  power  about  50  W  and  efficiency  with  respect  to  input  power  as 
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high  as  14%  was  demonstrated  Similar  results  were  obtained  in  Xe-Cl2  mixture  at  31  -308  nm.  Output  power  of  about  91 
W  was  demonstrated.  Distribution  of  the  output  along  the  excilamp  length  was  measured.  It  was  found  that  the  UV 
radiation  intensity  decreases  noticeably  only  in  the  cathode  region.  Operation  time  of  the  excilamp  is  limited  due  to  its 
overheating  and  exhaust  of  chlorine  molecules.  It  is  significant  that  enlargement  of  excilamp  dimensions  can 
substantially  increase  the  operation  time.  Besides,  upgrading  of  excilamp  design,  using  stable  to  halogen  action 
materials,  cleaning  of  the  original  gas  components  and  improvement  in  water  cooling  show  promise  of  substantial 
increase  of  the  mixture  lifetime. 

Cylindrical  excilamps  XeCl-  and  KrCI-  excilamps  with  the  tube  diameters  d=56  mm  and  L=94  and  ISO  cm  in  length 
w  ere  used  in  our  experiments.  The  voltage  across  the  tube  is  defined  by  chlorine  concentration  in  gag  mixture  and 
pressure.  In  these  excilamps,  for  the  611  of  the  UV  output  in  cathode  region  to  be  decreased,  we  used  electrodes  with 
experimentally  defined  shape.  Therewith,  the  UV  output  variations  along  the  excilamp  were  no  more  than  10-15%, 
while  the  fall  near  cathode  was  not  evident.  Output  power  up  to  185  W  was  obtained  at  31-222  nm. 

4.  CONCLUSION 

The  study  of  Xe-I2  and  He  - 12  glow  and  capacitive  discharge  excilamps  was  performed.  The  efficiency  up  to  12  %  and 
lifetime  in  sealed-off  excilamps  more  1000  h  were  demonstrated  These  results  can  be  utilised  in  developing  and  use  of 
effective  lamps  based  on  glow  and  high-fiequency  capacitive  discharges  radiating  in  vacuum  ultraviolet  and  ultraviolet 
ranges  of  wavelengths. 

At  excitation  of  the  barrier  KrCI  and  XeCl  excilamps  by  short  (about  2  ps)  unipolar  or  bipolar  voltage  pulses  the 
efficiency  obtained  is  somewhat  higher  (in  average  it  is  in  10-30  %  for  the  equal  values  of  specific  pumping  power)  as 
compared  to  excitation  by  the  sine  pulses.  Output  at  X-222  nm  up  to  100  W  and  at  308  nm  up  to  75  W  from  barrier 
discharge  excilamps  was  demonstrated.  With  homogeneous  discharge  (in  absence  of  visually  observed  filaments)  the 
excilamp  operating  efficiency  occurs  to  be  2-3  times  worse  as  compared  with  the  discharge  when  the  filaments  present. 
The  presence  of  filaments  appears  to  be  a  necessary  condition  in  order  to  obtain  a  high  efficiency  since  at  limiting  of 
plasma  energy  input  the  excited  volume  being  essentially  reduced  and  accordingly  the  demanded  level  of  specific 
excitation  power  is  achieved.  Radiation  pulse  delay  relatively  to  homogeneous  discharge  excitation  is  obviously  also 
notes  to  the  low  efficiency  of  KrCI  and  XeCl*  molecules  formation  at  low  excitation  power  level. 

Output  at  X-222  nm  up  to  190  W  and  at  308  nm  up  to  91  W  from  glow  discharge  excilamps  was  demonstrated. 
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Fig.  4b.  Efficiency  and  UV  (X  =  206  nm)  average  output  power  as  a  function  of  input 
power  at  various  He  pressure.  He  - 12  glow  discharge  tube. 
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Fig.  5.  Spectrum  of  Xe-12  capacitive  discharge  excilamp. 
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Fig.  6.  Oscilloscope  traces  of  UV  radiation  intensity,  total  Fig.  7.  Dependences  of  specific  radiation  power  (/) 

current  pulses,  excilamp  electrodes  voltage,  and  calculated  and  efficiency  (2)  on  average  specific  excitation 

power  excitation  curve  for  sine  voltage  generator.  power  for  sine  voltage  generator. 
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Fig.  8.  Specific  radiation  power  (!)  and  efficiency  (2) 
dependences  on  average  specific  excitation  power  for 
unipolar  excitation  pulse  at  frequency  93  kHz. 
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Fig.  10.  Specific  radiation  power  (7)  and  efficiency  (2) 
dependences  on  average  specific  excitation  power  in  absence  of 
filaments.  Mixture  Kr :  Cl2  =  200 : 0.5  at  total  pressure  100  Tore, 
for  steeply  rising  (~  lps)  voltage  generator. 
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Fig.  9.  Oscilloscope  traces  of  UV  radiation  intensity, 
total  current  pulses,  calculated  power  excitation  curve, 
gas  discharge  gap  voltage  curve  for  steeply  rising  (~  lps) 
voltage  generator. 
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Fig.  1 1 .  Oscilloscope  traces  of  UV  radiation  intensity, 
calculation  curves  of  power  excitation,  active  part  of  current, 
voltage  at  the  gas  discharge  gap  when  steeply  rising  (~lps) 
voltage  generator  used.  Mixture  Kr :  Cl2  s  200 : 0.5  at  total 
pressure  100  Tore  in  die  absence  of  filaments. 
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targets  for  fabricating  waveguide  devices 
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ABSTRACT 

Silicon  dioxide  (Si02)  thin  films  were  deposited  at  room  temperature  by  193-nm  ArF  excimer  laser  ablation  of 
silicone  in  oxygen  atmosphere.  Only  the  side  chains  (CH3)  of  the  target  were  photo-dissociated  during  ablation  to 
deposit  Si-O  bonds  on  a  substrate  in  high  laser  fluence  at  about  10  J/cm2.  Oxygen  gas  worked  to  oxidize  the  Si-0 
bonds  ejected  from  the  target  to  form  Si02  thin  films  at  the  gas  pressure  of  4.4  X 10'2  Torr,  in  addition  to  reducing  the 
isolated  carbon  mixed  into  the  films.  We  also  found  that  the  deposition  rate  could  control  refractive  index  of  the 
films  The  refractive  index  of  the  film  deposited  at  0.05  nm/pulse  is  greater  than  that  of  the  film  at  0.1  nm/pulse. 
Thus,  a  0.2-  /t  m-thick  Si02  cladding  film  deposited  at  0.1  nm/pulse  was  firstly  formed  on  the  whole  surface  of  a 
100- Aim-thick  polyester  film,  and  then  a  0.6//  m-thick  Si02  core  film  at  0.05  nm/pulse  was  fabricated  in  a  line  on 
the  sample.  The  sample  functioned  as  a  waveguide  device  for  a  633-nm  line  of  He-Ne  laser. 

Keywords:  pulsed  laser  deposition  (PLD),  laser  ablation,  silicone,  Si02  film,  ArF  excimer  laser,  oxygen  gas,  room 
temperature,  refractive  index,  optical  waveguide 


1.  INTRODUCTION 

The  compositional  fidelity  of  pulsed  laser  deposition  (PLD)  is  a  useful  feature  for  depositing  multielement  thin  films. 
In  fact,  the  deposition  of  high-temperature  superconductors  brought  about  the  first  successes  with  the  feature.1  Also, 
the  thin-film  deposition  of  polymers  made  use  of  this  compositional  fidelity.2"4 

In  PLD,  ultraviolet  (UV)  lasers  such  as  excimer  lasers  have  been  used  mainly  as  the  excitation  source  for  the  ablation 
of  solid  target  surfaces.  One  of  the  merits  of  UV  lasers  for  PLD  is  that  it  reduces  the  droplets  mixed  into  a  film.5 
However,  in  the  case  of  polymers,  the  high  photon  energy  of  UV  lasers  affects  the  fragmentation  of  polymer  targets. 
Therefore,  the  composition  of  polymer  films  in  PLD  is  sensitive  to  the  wavelength  and  laser  fluence  of  UV  lasers.6 

In  this  study,  we  deposited  transparent,  carbon-free  Si02  thin  films  at  room  temperature  by  PLD  with  silicone 
targets.7"9  In  this  case,  we  did  not  make  use  of  the  compositional  fidelity  of  PLD.  The  high  photon  energy  (6.4 
eV)  of  an  ArF  excimer  laser  (193  nm)  can  dissociate  CH3  from  silicone  to  eject  Si-O  bonds  selectively  by  ablation. 
During  the  ablation,  oxygen  gas  worked  to  oxidize  the  Si-O  bonds  ejected  from  silicone  target  to  deposit  Si02thin 
films.  In  addition,  oxygen  gas  reduced  the  isolated  carbon  mixed  into  the  films.  In  this  paper,  we  found  the 
refractive  index  change  of  the  Si02  films  by  changing  the  deposition  rate,  in  our  PLD.  Based  on  the  present  result, 
we  fabricated  a  flexible  optical  waveguide  by  depositing  the  Si02  films  with  different  refractive  indices  on  a  100-// 
m-thick  polyester  film. 
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2.  EXPERIMENTAL 


The  experimental  arrangement  used  in  the  present  PLD  work  was  almost  identical  to  the  one  used  in  the  previous 
work.®  A  laser  beam  generated  by  an  ArF  laser  (Lambda  Physik  EMG  202MSC)  was  introduced  into  a  chamber 
through  a  quartz  window  and  focused  on  the  silicone  target  by  a  350  mm  focal  length  lens.  The  laser  fluence  on  the 
target  was  approximately  10  J/cm2.7  9  In  order  to  control  the  refractive  index  of  the  films,  the  deposition  rate  was 
carefully  kept  at  0.1  nm/pulse  and  at  0.05  nm/pulse  by  adjusting  the  laser  pulse  energy,  maintaining  the  laser  fluence. 
The  pulse  repetition  rate  was  1  Hz.  The  chamber  was  evacuated  by  a  turbomolecular  pump  to  less  than  4.4  X 10'5 
Torr,  and  oxygen  gas  was  introduced  into  the  chamber  at  the  gas  pressure  of  4.4  x  10'2  Torr. 7,8  The  target  was 
located  25  mm  from  the  substrate.  The  substrate  was  100-  u  m-thick  polyester  films.  The  films  were  deposited  at 
room  temperature. 


3.  RESULTS  AND  DISCUSSION 


3.1  Refractive  index  change 

Figure  1  shows  the  refractive  index  of  the  films  deposited  at  the  rates  of  0.1  nm/pulse  and  0.05  nm/pulse.  Both 
films  were  produced  with  uniform  thickness  (about  1 30  nm).  The  refractive  index  of  the  films  deposited  on  Si  was 
measured  at  a  633  nm  wavelength  by  the  ellipsometer  (Mizojiri  Optical  Co.,  Ltd,  DVA-36LD).  In  the  case  of  0.1 
nm/pulse,  the  refractive  index  of  the  films  was  within  the  region  of  1 .37  to  1 .40.  The  reason  of  the  noticeable  error 
might  be  due  to  the  instability  of  laser  pulse  energy.  When  the  deposition  rate  lowered  from  0.1  nm/pulse  to  0.05 
nm/pulse,  the  refractive  index  was  changed  to  1 .42  to  1 .43.  The  results  suggest  that  the  refractive  index  of  the  Si02 
films  can  be  controlled  by  the  deposition  rate. 
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Figure  1 :  The  refractive  index  of  the  films  deposited  at  the  rates  of  0.1  nm/pulse  and  0.05  nm/pulse. 
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3.2  A  flexible  optical  waveguide 

Based  on  the  above  results,  we  fabricated  a  Si02  optical  waveguide  on  a  polyester  film,  as  shown  in  Fig.  2.  A  0.2- 
p.  m-thick  Si02  cladding  film  deposited  at  0.1  nm/pulse  was  firstly  formed  on  the  whole  surface  of  a  100-  n  m-thick 
polyester  film,  and  then  a  0.6  n  m-thick  Si02  core  film  deposited  at  0.05  nm/pulse  was  fabricated  in  a  line  on  the 
sample.  A  633-nm  line  of  He-Ne  laser  was  used  for  the  measurements.  The  beam  of  He-Ne  laser  was  coupled  to 
the  core  film  with  a  BK-7  prism  (refractive  index  of  1 .52).  Also,  the  propagating  beam  in  the  core  film  was  led  out 
through  another  BK-7  prism.  The  single-mode  propagation  was  observed,  as  shown  in  the  photograph  in  Fig.  2. 
Therefore,  the  samples  functioned  as  an  optical  waveguide  for  a  633-nm  line  of  He-Ne  laser. 


mm 


Figure  2:  Illustrations  of  an  arrangement  for  optical  waveguiding  and  the  photograph  of  a  screen  image  of  the  propagating 
633-nm  He-Ne  laser  beam  in  the  core  film  led  out  through  a  BK-7  prism. 
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4.  CONCLUSIONS 


We  deposited  Si02  films  with  different  refractive  indices  by  the  PLD  with  silicone  targets.  The  deposition  rate 
could  induce  the  refractive  index  change  of  the  Si02  films.  Based  on  the  present  result,  a  flexible  Si02  optical 
waveguide  was  fabricated  on  a  100-  ju  m-thick  polyester  film  for  a  633-nm  line  of  He-Ne  laser . 
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ABSTRACT 

Laser-induced  forward  transfer  (LIFT)  was  applied  to  eject  micron-sized  Ti02  particles  on  gold  thin  film  on  Si02 
substrate.  The  behavior  of  the  ejected  Ti02  particles  in  the  gas  phase  was  imaged  by  light  scattering  method.  The  fastest 
velocity  of  the  particles  exceeded  700  m/s.  In  addition,  laser  dye  film  on  Si02  substrate  was  transferred  by  LIFT  and 
deposited  on  the  other  Si02  substrate,  and  it  emitted  fluorescence  with  excitation  by  second  harmonic  wave  of  YAG 
laser  at  532  nm. 

Keywords:  laser-induced  forward  transfer  (LIFT),  laser  ablation,  process  measurement  by  imaging,  Ti02  particle, 
laser  dye 


1.  INTRODUCTION 

Laser-induced  forward  transfer  (LIFT)  is  a  method  for  the  deposition  of  a  small  sized  thin  film.  The  schematic  of  LIFT 
is  shown  in  Fig.  1  (a).  In  this  method,  a  donor  film  on  a  transparent  substrate  is  ablated  by  a  pulsed  laser  from  rear  side 
of  the  substrate,  and  the  ablated  film  is  ejected  by  the  reaction  of  plasma  expansion  of  ablation  plasma,  and  then 
deposited  on  the  surface  of  the  other  substrate  faced  the  donor  film.  LIFT  has  been  applied  to  many  kinds  of  samples  as 
metals  and  oxides.1,2  We  have  investigated  the  behavior  of  atoms,  emissive  particles  in  LIFT  process  by 
two-dimensional  laser-induced  fluorescence  (2D-LIF)  and  imaging  of  emission  techniques  attached  to  a  long 
working-distance  microscope.3,4  From  the  results,  the  atoms  flew  with  the  fastest  velocity  of  more  than  2  km/s,  whereas 
emissive  particles  flew  with  slower  velocity  of  about  100  m/s.  On  the  other  hand,  we  have  applied  LIFT  to  transfer 
particles,  as  shown  in  Fig.  1  (b).5  In  this  method,  firstly  particles  are  applied  on  a  donor  film,  then  they  are  ejected  by 
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LIFT  process.  In  the  past  experiment,  we  imaged  the  behavior  of  the  ejected  fluorescent  particles  in  gas  phase  in  LIFT 
process  by  2D-LIF,  and  the  fastest  velocity  was  280  m/s. 

In  this  experiment,  Ti02  particles  applied  on  gold  thin  film  on  Si02  glass  substrate  was  ejected  by  LIFT.  The  gold  film 
thickness,  intensity  of  ablation  laser  and  atmospheric  gas  condition  were  changed,  and  the  behavior  of  the  ejected 
particles  was  imaged  by  light  scattering  method.  In  this  method,  mie-scattering  of  blue  light  scattered  by  ejected 
particles  was  imaged  by  an  image-intensified  CCD  camera  attached  to  a  long  working  distance  optical  microscope.  In 
addition,  LIFT  of  laser  dye  was  tried. 


2.  EXPERIMENTAL  SETUP 

Experimental  procedure  of  the  LIFT  of  Ti02  is  as  follows:  The  fabrication  of  sample  is  explained  in  Fig.  2.  Si02  glass 
substrate  was  used,  and  cm  which  gold  thin  film  was  evaporated.  The  thickness  of  the  gold  thin  film  was  0  to  500  nm, 
and  0  means  no  base  gold  film.  Then  Ti02  particle  solution  was  applied  and  dried.  The  gold  film  was  used  as  a  base 
film  which  is  laser  ablated  to  lift  the  Ti02  particles  on  the  film,  but  even  without  base  gold  film  Ti02  particles  were 
ejected  as  shown  in  the  next  section.  The  diameter  of  Ti02  particle  was  1  to  2  pm,  and  the  thickness  of  Ti02  layer  was 
about  15  pm.  In  the  case  of  LIFT  of  laser  dye,  ten  drops  of  ethanol  solution  of  Rhodamine  610  laser  dye  (Exciton  corp.) 
was  applied  and  dried. 

The  experimental  setup  of  LIFT  is  shown  in  Fig.  3.  The  vacuum  chamber  was  evacuated  by  a  rotary  pump,  in  which  a 

1  j  1  1.  SiO^  substrate  (10x10 x  1mm) 

1  j  2.  evaporation  of  gold 
[  i  3.  application  of  T i 02  or  dye  solution  and  dry 

Figure  2:  Fabrication  of  sample. 
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sample  was  placed.  It  was  ablated  by  a  SHG  of  Nd:  YAG  laser  with  the  wavelength  of  532  nm  and  the  pulse  width  of 
about  8  ns.  The  ejected  Ti02  particles  in  gas  phase  were  irradiated  by  a  broad  emission  from  ethanol  solution  of 
Coumarine  440  laser  dye  (Exciton  corp.)  excited  by  a  XeCl  excimer  laser  at  the  wavelength  of  308  nm.  The  scattered 
light  from  Ti02  particles  was  observed  by  an  image-intensified  CCD  camera  attached  to  a  long  working  distance 
microscope  and  through  a  blue  pass  filter  to  cut  thermal  emission  from  the  ejected  particles. 


Figure  3:  Experimental  setup  of  LIFT. 


3.  RESULTS 

3.1  Image  of  an  ablation  spot 

Fig.  4  shows  an  example  image  of  ablation  spot  on  donor  film  observed  by  an  optical  microscope.  The  film  thickness  of 
gold  was  200  nm,  and  ablation  laser  energy  was  3.0  mJ.  White  region  in  the  ablation  spot  is  due  to  the  transformation  of 
Si02  substrate.  The  etching  of  transparent  material  in  contact  with  an  opaque  material  has  been  reported  by  Wang  et  al.7 
The  edge  of  Ti02  film  is  blackened  due  to  adherence  of  Ti  or  Au  produced  by  the  ablation  in  LIFT  process.  From  this 
picture,  the  fluence  is  calculated  to  be  about  1.5  J/cm2.  The  ablation  laser  energy  was  changed  as  a  parameter  in  the 
following  experiments. 


Figure  4:  Ablation  spot. 
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3.2  Behaviors  of  TICK  particles  in  LIFT  process 

Fig.  5  shows  the  spatial  and  temporal  distributions  of  particles  ejected  by  LIFT  at  different  delay  times.  The  base  gold 
film  thickness  was  0  or  50  nm,  and  atmospheric  condition  was  vacuum  and  air.  The  ablation  energy  was  0.29  mJ.  The 
images  of  hole  left  after  the  LIFT  process  are  also  shown.  The  scales  at  right  hand  side  shows  the  distance  from  the 
sample  film,  and  dotted  lines  show  the  surfaces  of  the  film.  The  tone  in  the  pictures  is  inverted,  so  black  regions  in  the 
pictures  show  the  scattered  probe  laser  beam,  and  show  the  existence  of  the  particles.  The  signal  of  the  left  side  in  each 
image  is  weakened  because  of  the  scattering  of  the  probe  laser  by  the  particles  at  the  right  side  in  the  image. 

In  all  LIFT  process  conditions  in  Fig.  5,  the  ejected  particles  flew  as  the  delay  time  and  perpendicular  to  the  surface  of 
the  film.  At  later  delay  time  after  about  50  (is,  large  droplets  with  slow  velocity  appeared.  In  both  atmospheric 
conditions  of  vacuum  and  air,  the  velocity  seems  to  be  slowed  with  base  gold  film  with  50  nm  thickness.  This  is  due  to 
the  reflection  of  the  ablation  laser  by  the  gold  film,  not  due  to  the  mass  of  the  film  because  it  is  quite  lighter  compared 
with  that  of  Ti02  layer.  So,  with  a  base  film  which  absorb  an  ablation  laser  efficiently,  the  velocity  of  the  particles  can 
be  increased.  The  particles  are  also  slowed  with  the  existence  of  air,  and  this  is  due  to  drag  by  air.  Similar  behaviors  of 
the  ejected  atoms,  emissive  particles  were  reported  in  the  previous  papers.3'4 

The  distances  of  the  front  edge  of  the  distributions  of  particles  derived  form  Fig.  5  are  plotted  as  a  function  of  delay 
time  in  Fig.  6.  The  atmospheric  condition  and  base  gold  film  thickness  was  (a)  vacuum  and  0  nm,  (b)  vacuum  and  50 
nm,  (c)  air  and  0  nm  and  (d)  air  and  50  nm,  respectively.  There  is  a  delay  of  0.5  or  1 .0  (is  before  the  ejection  of  particles 
when  the  process  was  done  in  air  or  base  gold  film  was  used.  After  the  ejection,  they  flew  with  almost  steady  velocity, 
and  the  value  was  (a)  240,  (b)  120,  (c)  107  and  (d)  19  m/s  for  each  LIFT  condition  in  Fig.  6,  respectively. 


438 


Proc.  SPIE  Vol.  4637 


Figure  6:  Distances  of  the  propagation  front  edges  of  the  particles  from  donor  films  as 
a  function  of  delay  time. 


Fig.  7  shows  the  ablation  energy  dependence  of  the  temporal  and  spatial  distributions  of  ejected  particles.  The 
atmospheric  condition  and  film  thickness  were  differed.  It  seems  that  in  all  LIFT  conditions  the  velocity  is  fast  and  the 
amount  of  ejected  particles  are  abound  with  higher  ablation  laser  energy.  The  positions  of  the  front  edge  of  the  particles 
at  2  ps  after  ablation  as  a  function  of  ablation  laser  energy  is  shown  in  Fig.  8.  It  is  interesting  that  the  velocity  is 
fastened  nonlinearly  as  the  increase  of  ablation  laser  energy,  and  which  is  different  with  the  behavior  of  atoms  or 
emissive  particles  in  LIFT  process  reported  in  our  past  paper  or  other  researchers  in  which  the  velocity  was  saturated  as 
the  increase  of  ablation  laser  energy.  5  6  The  velocity  was  slowed  by  the  existence  of  gold  base  film. 
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Figure  8:  Distances  of  the  propagation  front  edges  from  donor  films 
as  a  function  of  ablation  laser  energy. 

Fig.  9  shows  the  temporal  and  spatial  distributions  of  ejected  particles  with  different  base  gold  film  thicknesses 
observed  in  vacuum,  and  the  ablation  laser  energy  was  3.0  mJ.  It  seems  that  there  is  no  tendency  against  the  difference 
of  the  base  gold  film  thickness  with  this  ablation  laser  energy,  which  is  different  with  the  case  in  former  figures.  When 
no  base  gold  film  and  the  delay  time  was  1  ps,  the  fastest  particles  flew  beyond  the  observed  area.  In  this  case  the 
velocity  of  the  particles  excess  700  m/s.  This  is  quite  fast  compared  with  the  past  experiment3  observing  the  velocity  of 
the  fluorescent  particles  on  gold  base  film.  The  characteristically  different  conditions  in  these  experiments  are  the 
ablation  laser  energy  and  ablated  area,  and  they  were  below  100  pJ  and  smaller  than  50  pm  in  diameter  in  the  past 
experiment. 


Figure  9:  Temporal  and  spatial  distributions  of  ejected  particles  with  different  base 
gold  film  thicknesses. 
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3.3  LIFT  of  laser  dye 

LIFT  of  laser  dye  is  useful  for  marking  and  doping,  and  it  can  emit  fluorescence  at  wavelength  longer  than  excitation 
light.  Fig.  10  shows  the  transfer  of  laser  dye  thin  film  by  LIFT.  The  distance  between  the  donor  and  acceptor  substrates 
were  about  15  pm.  The  ablation  laser  energy  was  about  0.15  mJ,  and  the  fluence  was  about  0.20  J/cm2.  The  pictures  of 
donor  film  and  deposited  films  on  Si02  observed  by  CCD  camera,  and  fluorescence  from  deposited  film  with  excitation 
light  from  YAG  laser  at  532  nm  observed  by  an  image-intensified  CCD  camera  with  532  nm  cut  filter  are  shown.  It  is 
shown  that  the  laser  dye  was  successfully  transferred  and  emitted  fluorescence  with  excitation  after  transfer  by  LIFT. 
This  shows  that  the  temperature  of  the  process  is  low  enough  to  keep  the  chemical  structure  of  laser  dye.  In  the  past 
experiment,  polystyrene  particle  which  has  melting  point  of  115  centigrade  was  successfully  transferred  with  keeping 
the  shape.  So,  LIFT  is  available  to  deposit  materials  which  are  destroyed  by  heat. 


0  [an]  1 
Fluorescence 
from  film 


Figure  10:  Transfer  of  laser  dye.  Pictures  of  a  hole  on  donor  film, 
deposited  film  and  fluorescence  from  the  deposited  film  are  shown. 


4.  SUMMARY 

T  TFT  was  applied  to  eject  micron-sized  Ti02  particles  on  gold  thin  film  on  Si02  substrate.  The  behavior  of  the  ejected 
TiO?  particles  in  the  gas  phase  was  imaged  by  light  scattering  method  attached  to  an  optical  microscope.  They  flew 
perpendicular  to  the  donor  film,  and  the  fastest  velocity  of  particles  exceeded  700  m/s.  Velocity  was  slowed  with  the 
existence  of  base  gold  film  and  air.  In  addition,  laser  dye  film  on  Si02  substrate  was  transferred  and  deposited  on  the 
other  Si02  substrate  by  LIFT,  and  the  deposited  film  emitted  fluorescence  with  excitation  by  second  harmonic  wave  of 
YAG  laser  at  532  nm. 
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ABSTRACT 

Pulsed  laser  ablation  of  mold  compounds  for  IC  packaging  in  air  and  with  steam  assistance  is  investigated.  It  is  applied 
to  decap  IC  packages  and  expose  computer  CPU  dies  for  the  device  failure  analyses.  Compared  with  chemical 
decapping,  the  laser  ablation  has  advantages  of  being  fast  speed,  non-contact  &  dry  processing.  Laser  ablation  with  the 
steam  assistance  results  in  higher  ablation  rate  and  wider  ablated  crater  with  much  smoother  surface  morphology.  It 
implies  that  the  steam  assisted  laser  ablation  can  achieve  a  faster  and  better  quality  laser  processing.  Audible  acoustic 
wave  and  plasma  optical  signal  diagnostics  are  also  carried  out  to  have  a  better  understanding  of  the  mechanisms 
behind.  Light  wavelength  and  laser  fluence  applied  in  the  decapping  are  two  important  parameters.  The  532  nm 
Nd:YAG  laser  decapping  at  a  low  laser  fluence  can  achieve  a  large  decapping  area  with  a  fine  ablation  profile.  IC 
packages  decapped  by  the  laser  ablation  show  good  quality  for  the  device  failure  analyses. 

Keywords:  Laser  ablation,  steam  assistance,  mold  compounds  and  device  failure  analyses. 


1.  INTRODUCTION 

In  the  early  days  of  semiconductor  fabrication,  integrated  circuit  (IC)  devices  were  largely  packaged  in  glass,  ceramic  or 
metal.  Since  1960s,  device  manufacturers  began  to  investigate  the  possibility  of  encapsulating  their  products  in  plastic 
materials  or  polymers  [1].  The  main  incentives  of  the  plastic  encapsulation  were  large  cost  reduction  over  other  material 
packaging  and  high  compatibility  with  mass  production.  It  allows  several  hundred  packages  to  be  encapsulated  in  a 
single  operation,  which  only  takes  a  few  minutes.  As  IC  technology  develops,  plastic  packaging  has  already  received 
the  greatest  emphasis  and  extensively  applied  in  the  IC  packaging  [2].  With  major  advantages  in  cost,  size,  weight, 
performance  and  availability,  plastic  IC  packages  have  attracted  97%  of  the  market  share  of  worldwide  microcircuit 
sales.  During  the  IC  device  packaging,  small  wafer  die  is  placed  on  a  copper  leadffame.  Tiny  copper  or  gold  lines  are 
soldered  to  die  corresponding  lead  legs  in  the  leadffame  and  bond  pads  on  the  wafer  die  so  that  it  achieves  the  electric 
connection  of  the  IC  circuits  with  the  outside  other  function  circuits.  To  ensure  the  IC  packages’  resistance  abilities  to 
the  environment  affect  (such  as  heat  and  humidity),  a  thin  transparent  layer  of  epoxy  materials  is  bonded  above  the 
wafer  die  and  completely  covers  the  wafer  die.  Then  the  IC  circuits  are  encapsulated  inside  the  black  mold  compounds. 
IC  package  failure  analysis  is  one  of  the  important  processes  in  the  industry  to  trace  the  roots  of  the  device  failure  and 
increase  the  manufacturing  yield.  There  are  many  techniques  in  the  device  failure  analyses  [3-4],  For  example,  electric 
signal  detection  is  a  typical  technique  to  detect  the  electric  failure  with  the  analysis  of  the  electric  diagnostic  results. 
However,  it  is  very  difficult  to  get  the  enough  information  due  to  the  high  integration  of  the  circuits.  To  have  a  better 
understanding  of  the  device  failure  reasons,  it  is  necessary  to  unpack  the  IC  packages  and  remove  the  black  mold 
compounds  on  the  top  of  epoxy  layer  and  wafer  die.  It  is  called  the  decapping  of  IC  packages.  Chemical  decapping 
technique  is  currently  used  in  the  IC  device  failure  analyses.  In  the  chemical  decapping,  either  sulfuric  acid  and/or 
nitride  acid  are  used,  depending  on  mold  compounds  for  different  plastic  packages.  During  the  chemical  decapping, 
bond  pads,  solder  balls  and  copper  traces  in  organic  die  attachment  are  potentially  damaged  after  dozens  of  hours  in  the 
chemical  solution  reaction.  It  is  also  difficult  to  protect  the  leadffame  during  the  chemical  decapping.  Therefore,  it  is  a 
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high  challenge  for  the  industry  to  find  a  new  solution  to  unpack  the  IC  packages  without  any  side  affect  to  its  internal 
circuit  structures. 

Pulsed  laser  ablation  of  the  solid  substrates  has  been  extensively  applied  in  thin  film  deposition,  surface  cleaning, 
structure  patterning  and  chemical  composition  analyses  [5-8],  There  is  explosive  removal  of  the  substrate  materials 
during  the  high  power  and  short  pulse  laser  irradiation.  It  is  based  on  the  laser  photo-ablation  by  breaking  chemical 
bonds  of  organic  materials  or  the  thermal  ablation  due  to  superfluous  laser  energy  irradiated  [9-11].  Mold  compound  is 
a  complex  mixture  of  Si02,  curing  agents  and  accelerators  [12].  By  irradiating  a  pulsed  laser  beam  on  an  IC  package, 
the  laser  ablation  can  be  used  to  remove  the  mold  compounds  easily,  which  has  been  successfully  applied  in  the  mold 
deflashing  of  the  IC  packages  [13].  In  this  paper,  pulsed  laser  ablation  of  the  mold  compounds  in  air  and  with  the  steam 
assistance  is  studied.  Acoustic  wave  and  plasma  optical  signal  diagnostics  are  carried  out  to  get  the  better  understanding 
of  the  dynamic  laser  processing  and  provide  an  option  for  the  process  real-time  monitoring.  This  technique  is  then 
applied  to  decap  the  IC  packages  for  the  device  failure  analyses. 


2.  EXPERIMENTAL  SETUP 

Figure  1  shows  the  experimental  setup  of  pulsed  laser  decapping  of  the  IC  packages  for  the  device  failure  analyses 
in  air  and  with  the  steam  assistance.  A  KrF  excimer  laser  (Lambda  Physik  LPX  100,  A^248  nm,  x  (FWHM)  =30  ns)  or 
an  Nd:YAG  laser  (B&I  5022  D.NS  10,  X=532  nm,  x  (FWHM)  =7  ns)  was  used  as  a  light  source.  Laser  beam  was 
focussed  by  a  lens  at  a  focal  length  of  250  mm  and  irradiated  perpendicularly  to  an  IC  package  surface.  Laser  fluence 
was  adjusted  by  changing  pulse  energy  from  the  laser  controller.  Substrate  morphology  was  analyzed  by  an  Alpha-Step 
200  profilometer  (Tencor  Instruments)  to  get  the  information  on  the  depth  and  width  of  the  ablated  crater.  A  wide-band 
microphone  (Sony  ECM-23F3,  frequency  response:  20  Hz  to  20  kHz)  was  applied  to  capture  audible  acoustic  waves 
generated  during  the  laser  ablation.  An  ultrafast  phototube  (Hamamatsu  R1328U-53)  was  used  to  diagnose  optical 
signals  from  plasma  generation  and  its  dynamics.  The  signals  were  sent  to  a  fast  digital  oscilloscope  (Tektronix 
TDS520, 500  MHz)  for  data  storage  and  analyses.  For  the  steam  assisted  laser  ablation,  N2  gas  carried  hot  water  vapor 
generated  by  the  heater  to  the  nozzle  outlet  and  formed  a  steam  layer  on  the  substrate  surface.  Thickness  of  the  steam 
film  was  in  dozens  of  microns  (estimated  from  interference  patterns).  It  can  be  tuned  by  gas  following  rate,  steam 
temperature  and  nozzle  position. 


Heater 


Figure  1  Experimental  setup  of  pulsed  laser  decapping  of  the  1C  packages  for  the  device  failure  analyses. 
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3.  RESULTS  AND  DISCUSSION 


3.1  KrF  excimer  laser  ablation  of  mold  compounds  in  air  and  with  the  steam  assistance: 


Mold  compounds 


/ 


!•  .  /  J 

■  1  f  7 


Unpacked  area 


(a) 


(b) 


Figure  2  The  structures  of  IC  packages  before  (a)  and  after  (b)  the  decapping  for  device  failure  analyses. 


Figure  2  shows  the  structures  of  IC  packages  before  (a)  and  after  (b)  the  decapping  for  device  failure  analyses.  The 
objective  of  the  laser  decapping  is  to  achieve  the  complete  removal  of  the  mold  compounds  on  the  top  of  the  die  and 
epoxy  layer  so  as  to  expose  metal  wire  and  die  circuit  structures  for  the  failure  analyses.  Laser  irradiation  should  not 
damage  the  epoxy  layer  and  die  surface.  Therefore,  it  is  very  important  to  know  how  many  materials  are  removed 
during  the  laser  decapping  so  that  the  process  can  be  properly  informed  whether  and  when  the  laser  decapping  has 
reached  the  epoxy  layer.  Laser  ablation  rate  is  one  key  parameter  to  characterize  the  ablation  results.  It  is  defined  as  the 
average  depth  of  the  ablated  crater  after  one  pulse  of  the  laser  irradiation  and  provides  the  information  on  the  depth 
profile  during  the  laser  ablation.  The  width  and  length  of  the  ablated  crater  are  related  to  the  geometry  of  laser  spot  on 
the  package  surface.  Figure  3  shows  the  dependence  of  ablation  rate  and  width  on  laser  fluence  during  the  KrF  excimer 
laser  ablation  of  mold  compounds  in  air  and  with  the  steam  assistance.  For  a  laser  fluence  of  5.5  J/cm2,  the  ablation  rate 
is  2.1  pm  for  the  ablation  in  air.  If  the  laser  output  energy  is  250  mJ  at  a  repetition  rate  of  10  Hz,  it  can  be  estimated  that 
one  pulse  of  the  laser  irradiation  can  remove  a  volume  of  10'2  mm3  mold  compounds.  It  needs  about  22500  pulses  of  the 
laser  irradiation  to  form  a  decapping  crater  in  the  size  of  15  mm  x  15  mm  x  1mm.  The  whole  process  takes  about  1  hour 
including  the  time  for  the  beam  scanning.  Comparing  with  the  dozens  of  hours  chemical  decapping,  the  laser  ablation 
has  the  advantages  of  fast  speed  processing.  It  can  also  be  observed  in  Fig.  3  that  the  ablation  depth  and  width  from  the 
steam  assisted  laser  ablation  are  much  higher  than  those  in  the  air.  For  the  laser  fluence  of  5.5  J/cm2,  the  ablate  rate  is 
increased  from  2.1  pm  to  2.3  pm  and  the  width  from  850  pm  to  875  pm.  It  implies  that  with  the  steam  assistance,  the 
laser  ablation  can  remove  about  15  %  more  volume  of  the  mold  compound  materials,  which  provides  a  faster  laser 
decapping.  In  our  previous  study,  it  is  shown  that  the  ablated  crater  with  the  steam  assistance  has  a  smoother  profile, 
which  also  provides  a  better  and  more  uniform  laser  ablation  geometry  on  the  package  surface  [14].  However,  there  is 
one  important  issue,  which  should  be  taken  into  account  during  the  laser  decapping:  the  epoxy  layer  and  die  surface  will 
also  be  ablated  away  by  the  KrF  excimer  laser  at  a  laser  fluence  of  5.5  J/cm2  (The  threshold  fluence  for  the  silicon 
ablation  is  around  1.2  J/cm2).  Therefore,  the  laser  fluence  needs  to  be  tuned  down  to  avoid  any  damage  on  the  epoxy 
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Figure  3  Ablation  rate  (a)  and  width  (b)  versus  laser  fluence  during  the  KrF  excimer  laser  ablation  of  mold 
compounds  in  air  and  with  the  steam  assistance. 
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layer  and  die  surface  when  the  laser  ablation  is  about  to  reach  the  interface  layer  between  the  mold  compounds  and 
epoxy  layer. 


3.2  Signal  diagnostics  during  the  laser  ablation  of  mold  compounds  in  air  and  with  the  steam  assistance: 


Figure  4  Optical  signals  detected  by  the  ultrafast  phototube  during  the  KrF  excimer  laser  ablation  of  mold 
compounds  in  air  and  with  the  steam  assistance  at  a  laser  fluence  of  4.8  J/cm2.  For  the  good  view  of  the 
signals,  the  plasma  signal  in  air  was  enlarged  2  times  and  the  signal  with  the  steam  assistance  5  times. 


Figure  4  shows  the  optical  signals  detected  by  the  ultrafast  phototube  during  the  KrF  excimer  laser  ablation  of  mold 
compounds  in  air  and  with  the  steam  assistance  at  a  laser  fluence  of  4.8  J/cm2  (For  the  good  view  of  the  signals,  the 
plasma  signal  in  air  was  enlarged  2  times  and  the  signal  with  the  steam  assistance  5  times).  It  is  clear  that  the  plasma  in 
air  starts  at  several  nanoseconds  later  than  the  laser  pulse.  The  plasma  optical  signal  overlaps  with  the  laser  pulse.  It  is 
attributed  to  the  laser  plasma  interaction.  During  the  laser  ablation,  the  leading  part  of  the  laser  pulse  energy  is  absorbed 
by  the  substrate  surface,  which  leads  to  the  substrate  surface  temperature  increase,  melting,  evaporation  and  plasma 
generation.  The  plasma  generated  is  in  highly  dynamic  and  will  absorb  the  later  part  of  the  incoming  laser  energy, 
which  limits  the  laser  energy  irradiating  on  the  substrate  surface.  This  process  is  called  the  plasma  shielding  effect  and 
results  in  the  saturation  of  the  ablation  rate  as  laser  fluence  increases.  Laser  plasma  interaction  can  be  characterized 
from  the  overlapping  area  of  the  laser  scattering  pulse  and  the  plasma  profile  [15].  The  high  overlapping  area  implies 
the  stronger  laser  plasma  interaction.  Compared  with  the  steam  assisted  laser  ablation,  it  can  be  informed  from  Fig.  4 
that  the  peak  amplitude  of  the  plasma  optical  signal  for  the  laser  ablation  in  air  is  about  10  times  higher.  Meanwhile,  the 
plasma  signal  for  the  laser  ablation  with  the  steam  assistance  starts  about  20  ns  later  than  that  in  the  air  ablation.  It  can 
be  concluded  that  the  laser  plasma  interaction  is  greatly  reduced  with  the  steam  assistance.  There  is  more  laser  energy 
passing  through  the  plasma  to  enhance  the  laser  ablation  with  more  substrate  materials  removal. 

Pulsed  laser  ablation  is  a  rich  source  for  acoustic  wave  emission  in  the  frequency  spectra  of  both  sonic  and 
ultrasonic  components  [16].  With  a  microphone  nearby  the  substrate  surface  to  detect  the  audible  acoustic  waves,  the 
laser  ablation  information  can  be  sensed  in  non-contact  mode.  In  our  previous  study,  it  is  found  that  the  first  peak-to- 
peak  amplitude  of  the  acoustic  waves  is  closely  related  to  the  ablation  rate  [17].  It  can  provide  the  information  how 
many  substrate  materials  are  removed  during  the  laser  irradiation  and  serve  as  a  real-time  monitoring  for  the  laser 
decapping  process.  Figure  5  shows  the  first  peak-to-peak  amplitude  of  the  acoustic  waves  versus  laser  fluence  during 
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the  KrF  excimer  laser  ablation  of  the  mold  compounds  in  air  and  with  the  steam  assistance.  It  is  clear  that  variation  of 
the  peak  amplitude  with  the  laser  fluence  has  the  same  tendency  as  the  ablation  rate.  The  peak  amplitude  is  also  higher 
for  the  steam  assisted  laser  ablation  than  that  in  the  air.  The  audible  acoustic  wave  generation  is  due  to  the  ablated 
substrate  materials  interaction  with  the  surrounding  air  molecules.  During  the  plasma  dynamics,  the  friction  among  tiny 
ablated  substrate  materials  and  the  air  molecules  decays  the  plasma  shock  wave  into  the  audible  acoustic  waves.  The 
more  ablated  substrate  materials,  the  stronger  friction  and  the  stronger  acoustic  waves.  It  shows  that  the  steam  layer  on 
the  substrate  surface  confines  the  shock  wave  and  induces  the  more  substrate  materials  removal. 


Figure  5  The  first  peak-to-peak  amplitude  of  the  audible  acoustic  wave  versus  laser  fluence  during  the  KrF 
excimer  laser  ablation  of  mold  compounds  in  air  and  with  the  steam  assistance. 


3.3  532  nm  NdrYAG  laser  ablation  of  mold  compounds  in  air  and  with  the  steam  assistance: 

Figure  6  shows  the  curve  of  ablation  rate  versus  laser  fluence  during  the  532  nm  Nd:YAG  laser  ablation  of  the 
mold  compounds  in  air  and  with  the  steam  assistance.  It  is  clear  that  the  ablation  rate  increases  greatly  with  the  steam 
assistance.  For  a  laser  fluence  of  250  mJ/cm2,  the  ablation  rate  increases  from  15  nm  to  75  nm.  It  implies  that  the  steam 
assistance  can  enhance  the  laser  ablation  much  stronger  at  a  lower  laser  fluence  for  a  shorter  pulse  duration  laser.  For 
the  Nd:YAG  laser  output  pulse  energy  of  600  mJ  and  repetition  rate  of  10  Hz,  one  pulse  of  the  laser  irradiation  can 
remove  a  volume  of  3.6  x  10'3  mm3  for  the  laser  ablation  in  air  and  1.8  xl0‘2  mm3  with  the  steam  assistance.  It  needs 
62500  and  12500  pulses  of  laser  irradiation  to  form  an  ablated  crater  with  a  size  of  15  mm  x  15  mm  x  1  mm, 
respectively.  The  whole  process  takes  about  2  hours  and  half  an  hour,  respectively.  Compared  with  the  KrF  excimer 
laser  decapping  at  the  high  fluence,  the  Nd:YAG  laser  decapping  covers  a  large  area  with  much  smaller  ablation  rate, 
which  can  achieve  the  finer  removal  of  the  materials  and  avoid  the  scanning  overlapping  problems  as  well.  With  the 
steam  assistance,  the  processing  speed  is  faster.  The  other  advantage  is  that  the  epoxy  layer  is  transparent  to  the  green 
light.  The  laser  irradiation  of  the  KrF  excimer  laser  may  induce  the  chemical  modification  of  the  epoxy  layer,  since  its 
photon  energy  is  5  eV,  which  is  higher  than  the  chemical  bonding  energy  for  the  organic  materials  from  3  to  5  eV.  It 
may  affect  the  protection  layer  properties  and  induce  the  difficulties  for  the  device  further  failure  analyses.  Therefore,  it 
can  be  concluded  that  low  fluence  and  steam  assisted  laser  ablation  with  the  532  nm  Nd: YAG  laser  irradiation  would  be 
one  of  the  best  options  for  the  laser  decapping  of  the  IC  packages  for  the  device  failure  analyses.  Figure  7  shows  the 
microscopic  images  of  (a)  Au  lines,  (b)  solder  bonds  in  lead  frame,  (c)  bond  pads  on  wafer  die  and  (d)  circuit  structures 
on  the  wafer  die  for  the  IC  packages  decapped  by  the  Nd:YAG  laser  with  the  steam  assistance.  It  is  clear  that  there  is  no 
damage  on  the  package  surface.  Different  device  parts  and  circuit  structures  on  the  die  can  be  clearly  observed. 
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Figure  6  Ablation  rate  versus  laser  fluence  during  the  532  nm  Nd:YAG  laser  ablation  of  mold  compounds 
in  air  and  with  the  steam  assistance. 


Figure  7  Microscopic  images  of  (a)  Au  lines,  (b)  solder  bonds  in  leadframe,  (c)  bond  pads  on  wafer  die  and  (d) 
circuit  structures  on  the  die  for  the  IC  packages  decapped  by  the  steam  assisted  laser  ablation. 
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4.  CONCLUSIONS 


Pulsed  laser  ablation  of  the  mold  compound  materials  for  the  IC  packaging  by  the  KrF  excimer  laser  and  Nd:YAG 
laser  irradiation  is  investigated.  It  is  found  that  the  ablation  rate  increases  with  laser  fluence  and  the  laser  ablation  result 
can  be  enhanced  with  the  steam  assistance.  Diagnostics  of  the  audible  acoustic  waves  and  plasma  optical  signals  shows 
that  the  steam  assistance  results  in  the  weaker  laser  plasma  interaction  and  stronger  confinement  of  the  plasma  shock 
wave,  which  leads  to  more  laser  energy  irradiating  onto  the  substrate  surfaces  and  more  substrate  materials  removal.  A 
532  nm  Nd:YAG  laser  would  be  the  better  laser  source  than  the  KrF  excimer  laser  for  the  device  decapping.  It  can 
avoid  the  possible  chemical  property  modification  for  the  epoxy  layer  under  the  UV  light  irradiation.  Low  laser  fluence 
irradiation  can  provide  the  large  processing  area  and  fine  ablation  profile.  The  laser  ablation  achieves  the  clear  exposure 
of  different  device  parts  and  circuit  structures  on  the  wafer  die  without  the  substrate  surface  damages. 
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ABSTRACT 


The  use  of  lasers  in  packaging  and  materials  processing  is  an  increasingly  attractive  choice  for  high 
technology  manufacturing.  As  we  push  for  more  demanding  materials  processing  tasks  and  smaller 
dimensions,  an  understanding  of  the  underlying  physical  and  chemical  aspects  of  problems  becomes 
important.  Here  we  discuss  some  of  these  issues  relevant  to  materials  processing. 

1.  INTRODUCTION 

Soon  after  the  development  of  the  first  laser  it  was  suggested  that  it  would  have  uses  as  a 
manufacturing  tool  due  to  many  of  the  advantages  of  radiation  sources  over  conventional  mechanical 
and  thermal  techniques.  Today  lasers  are  used  for  a  number  of  laser  processing  tasks  in  advanced 
packaging  and  interconnect  industry.  As  the  commercial  boom  in  microelectronic  and 
optoelectronic  devices  and  the  trend  toward  miniaturization  continues,  industrial  use  of  lasers  will 
play  an  increasingly  important  role.  Materials  ranging  from  ceramics/glasses,  metals, 
semiconductors,  polymers,  natural  and  manmade  fibers  and  composites  have  all  been  shown  to 
interact  with  one  or  more  laser  types  in  useful  ways.  The  current  arsenal  of  lasers  of  current  or 
future  industrial  interest  include  both  CW  and  pulsed  lasers.  The  commonly  used  lasers  include  the 
CO2  laser,  Excimer  Lasers,  Solid  State  Lasers  (including  diode  pumped  YAG  and  Ti:Sapphire 
lasers),  Metal  Vapor  Lasers,  and  for  some  applications,  Diode  (semiconductor)  lasers. 

The  microfabrication  applications  that  are  potentially  well  matched  to  using  lasers  include: 

Use  of  Lasers  in  Packaging/Processing 


Etching 

Cutting 

Stripping 

Cleaning 

Drilling 

Surface  Modification 
Dry  Patterning 
Scribing 

Deposition  (PLD) 


Trimming 

Welding/Soldering 

Bonding 

Marking/Printing 
Annealing 
Photolithography 
Mask  Fabrication 
3D  Microstructures 
Laser  Recrystallization 


Microhole  drilling  and  trimming  of  resistors  and  capacitors  and  laser  recrystallization  are  certainly 
the  most  successful  applications  of  lasers  in  microelectronics. 


Photon  Processing  in  Microelectronics  and  Photonics,  Koji  Sugioka,  Malcolm  C.  Gower, 
Richard  F.  Haglund,  Jr.,  Alberto  Pique,  Frank  Trager,  Jan  J.  Dubowski,  Willem  Hoving,  Editors, 
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The  “advantages”  of  using  lasers  always  must  be  weighed  against  disadvantages.  A  typical 
list  of  advantages  include: 


“Advantages”  of  Using  Lasers 


•  Close  tolerance  (resolution;  feature  size-usually  wavelength  dependent) 

•  Repeatability  (often  excellent) 

•  Potential  unit  cost  reductions,  cost  effectiveness 

•  Material  versatility  (including  fragile,  ultrathin,  highly  reflective  materials) 

•  Roughness  of  Surfaces  (Sometimes  <  nm) 

•  Minimal  distortion  in  heat  affected  zones 

•  No  tooling  to  wear  out  or  change  over 

•  Non-contact  processing  eliminates  unwanted  stress  on  materials 

•  Clean  processing:  minimal  debris,  burrs,  uplifted  recast 

•  Flexibility  -  fast  setups  achieved  with  computer  controls 

HOWEVER— in  evaluating  these  “advantages”  one  must  weigh  the  extent  or  degree  of  each,  thus 
the  quotation  marks  around  the  word  advantages.  For  example,  is  the  resulting  roughness  tolerable, 
is  a  small  amount  of  re-deposited  particulates  acceptable,  is  the  process  truly  competitive  with 
traditional  methods  cost-wise.  Regarding  costs,  always  lurking  in  the  background  are  the  expenses 
for  operator  training  and  addressing  safety  concerns.  The  “complaints”  of  a  fabrication  manager 
might  include: 

■  it  doesn  ’t  work  (it  breaks  it,  instead  of  makes  it); 

•  it’s  UNPREDICTABLE  (e.g.,  no  software  package  to  model  the  entire  process); 

■  it’s  too  slow; 

■  it’s  too  BIG  (the  modified  area)  or 

■  it’s  too  SMALL; 

■  it’s  only  one  at  a  time; 

■  it  messes  up  (harms,  degrades,  contaminates)  the  ‘ neighborhood ’; 

•  it’s  too  expensive; 

■  it’s  only  line  of  sight; 

■  the  laser  and/or  optics  need  too  much  maintenance. 

Basic  physics  and  chemistry  can  help  address  only  a  few  of  these  issues.  Of  course,  we  note 
that  the  university  academics  state  in  every  research  proposal  they  submit:  "We  need  to  understand 
the  underlying  mechanisms  so  that  we  can  advance  the  technology .”  In  truth,  most  of  the 
advancements  in  fabrication  and  processing  are  occurring  ahead  of  the  science  and  can’t  wait.  It  is 
often  only  when  a  particular  process  is  very  promising  yet  is  not  quite  working,  or  not  optimized,  or 
has  too  many  uncontrolled  parameters  that  fundamental  understanding  would  be  a  benefit.  If  the 
value-added  by  performing  some  manufacturing  step  using  lasers  is  high,  this  further  motivates  more 
basic  research  on  mechanisms  and  understanding. 

II.  PHYSICAL  AND  CHEMICAL  ASPECTS 

So  let  us  explore  a  few  of  the  major  questions  and  issues  involved  in  laser  materials  interactions, 
particularly  those  that  involve  material  removal  and  heat  driven  processes.  Some  of  the  important 
aspects  are: 


454 


Proc.  SPIE  Vol.  4637 


Important  Aspects  of  Laser  Materials  Interactions 

•  Light  Absorption  Processes  (linear;  nonlinear  -  multiphoton,  multiple-photon; 
defects) 

•  Absorbed  energy  density  vs.  position  and  time 

•  Emission  Mechanisms  (e-,  ions,  neutrals,  clusters,  “chunks”) 

•  Factors  influencing  rates  of  material  removal  and/or  material  modification 

•  Photothermal  vs.  Photoelectronic  (fs,  ps,  ns) 

•  Role  of  thermal-mechanical  phenomena  (VT,  shock) 

Melting/Resolidification 
Fracture,  spallation  (particles) 

Diffusion;  Segregation 
Vaporization 

Condensation  of  vapors  in  gas  phase  (particles) 

•  Role  of  external  environment  (reactive  gases,  liquids,  pressure) 

•  Equilibrium  Thermodynamics  vs.  Non-Equilibrium 

•  Role  of  laser-plume  interactions 

•  Role  of  Laser  Parameters 

(X,  tpUise,  Ipeak,  ©,  spot  size,  rep.  Rate,  no.  of  pulses) 

•  Understanding  Dependence  on  Target  Parameters 

(e.g.,  optical  &  thermal  properties,  defects,  morphology, 
spatial  distributions,  interfaces) 

•  Generating  PREDICTIVE  MODELS  (GRAND  CHALLANGE  to  theorists) 

All  of  these  facets  are  addressable  with  today’s  knowledge  and  understanding  of  the  underlying 
physics  and  chemistry.  We  want  to  emphasize  that  much  of  what  is  happening  in  the  use  of  lasers 
involves  either  bond  breaking  or  bond  making.  Usually  it  is  desired  to  do  this  locally  (precisely), 
quickly  (to  be  cost  effective;  to  avoid  too  much  heating),  and  with  “no”  collateral  damage.  The  use 
of  lasers  in  fabrication  is  similar  to  the  use  of  lasers  in  medicine  -  just  like  the  medical  doctor,  the 
fabricator  must  abide  by  the  constraint:  “Above  All,  Do  No  Harm”.  Minimizing  this  surrounding 
“damage”  is  often  the  biggest  challenge.  Often  the  types  of  bonds  being  broken  (or  made) 
influences  the  choice  of  laser  parameters  which  include  wavelength,  pulse  width/CW,  peak 
irradiance,  angle  of  incidence,  spot  size,  repetition  rate,  and  number  of  pulses.  We  usually  consider 
four  fundamental  types  of  bonding: 

•  Covalent  Bonding  (diamond,  Si,  Ge,  GaAs,  GaN,  BN,  Si02) 

•  Ionic  Bonding  (alkali  halides,  alkaline  earth  halides,  metal  oxides  such  as  MgO) 

•  Metallic  Bonding  (metals  in  general) 

•  Intermolecular  Forces  (Hydrogen  Bonding  (strongest),  Dipole-Dipole  Forces, 

London  Dispersion  Forces  (non-polar  structures  interacting — weakest). 

An  example  of  where  intermolecular  forces  would  be  important  are  interfaces  which  will  be  (making 
bonds)  or  are  (breaking  bonds)connected  via  adhesive  bonds;  another  example  is  the  entire  range  of 
interactions  involving  unwanted  ‘pesky’  particles  adhering  to  substrates  which  need  to  be  removed. 
Using  laser  cleaning  to  remove  a  particle  thus  requires  that  these  intermolecular  forces  be  overcome 
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in  order  to  detach  the  particle.  Electrostatic  charge,  if  present,  can  of  course  increase  the  bonding  of 
particles  to  surfaces  considerably.  The  use  of  water  (“steam  cleaning”)  in  laser  cleaning  would  assist 
in  neutralizing  this  charge  along  with  the  advantages  of  nucleating  bubbles  to  assist  lifting 
particles.  ’  Of  course  all  glassy  polymers  consist  of  covalently  bonded  polymer  chains  with 
intermolecular  forces  interacting  between  the  chains.  Thus,  the  properties  of  common  polymers 
such  as  polymethylmethacrylate  (PMMA),  polycarbonate  (PC),  and  polystyrene  (PS),  are  strongly 
dependent  on  these  intermolecular  forces  which  lead  to  interchain  friction,  entanglements,  and  free- 
volume  dependent  attributes  (e.g.,  thermal  properties;  gas  diffusivity). 

Figure  1  shows  schematically  the  interaction  of  a  laser  beam  with  a  structure  of  some 
complexity.  Assuming  a  reasonable  degree  of  absorption  (so  we  can  ignore  transmission),  the 
incident  photons  are  absorbed  either  due  to  excitation  of  electrons  or  for  longer  wavelengths, 
excitation  of  vibrational  modes.  The  reflectivity  of  the  material  then  dictates  how  much  of  the 
incident  beam  is  absorbed.  The  3D  distribution  of  absorption  centers  exposed  to  the  incident  beam 
and  their  optical  properties  in  relation  to  the  laser  light  dictate  the  energy  density  distribution  in  the 
near  surface  region.  In  metals,  absorption  takes  place  very  near  the  surface  and  can  occur  by 
excitation  of  both  conduction  band  (free  electron-like)and  valance  band  (interband  absorption) 
electrons  are  the  absorbing  entities.  These  electrons  transfer  their  increased  kinetic  energy  to  the 
lattice  via  phonon  scattering  on  time  scales  of  ps,  resulting  in  a  temperature  increase.  For  long 
pulses  (>  ps)  heating  is  occurring  during  the  pulse  and  so  in  general  one  can  treat  light  energy  to  heat 
in  one  step. 


Fig.  1 .  Schematic  of  relevant  interactions  and  consequences  of  energy  absorption. 

For  semiconductors  and  insulators,  absorption  is  either  through  vibrational  excitation 
(requiring  infrared  light  matching  allowed  vibrational  transitions  of  the  material)  or  electronic 
excitations  (e.g.,  via  chromophores,  defects,  or  band-to-band  transitions).  The  electronic  energy 
tends  to  be  more  localized  than  in  metals,  but  in  “real  materials”,  the  electronic  energy  is  again 
quickly  transformed  into  thermal  energy.  Atomic  dimension  energy  localization  can  assist  in  the 
breakdown  of  materials,  particularly  in  crystalline  ceramics  and  silica-based  glasses.  For  example, 
electron-hole  pairs  in  an  insulator  are  trapped  at  a  lattice  site  which  then  may  lead  to  motion  of 
nuclei  -  the  beginnings  of  decomposition  of  the  material,  all  non-thermal  in  nature.  Numerous 
examples  of  such  phenomena  are  presented  in  the  book  by  Itoh  and  Stoneham.4  However,  many  of 
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the  rates  of  material  removal  using  lasers,  even  those  initiated  by  electronic  processes,  are  still 
thermally  enhanced  or  thermally  controlled;  thus,  in  general,  the  practical  use  of  lasers  in  fabrication 
is  dominated  by  thermal  processes--thus  arguing  over  “photoelectronic”  vs.  “photothermal”  is  moot. 

Comments  on  Thermal  Modeling.  In  seeking  precision  in  processing,  the  fate  of  this 
deposited  energy  is  highly  significant.  As  seen  in  Fig.  1,  the  dispersion  of  the  thermal  energy  away 
from  the  region  where  it  was  absorbed  can  involve  radiative,  convective,  and  conductive  transport. 
By  far  the  most  important  for  practical  applications  is  the  heat  transport  by  diffusion/conduction 
away  from  the  higher  temperature  irradiated  region  into  the  cooler  surrounding  material.  The  rates 
and  dimensions  involved  determine  the  spatial  region  that  reaches  high  temperatures-the  so-called 
Heat  Affected  Zone.  Many  modeling  efforts  have  been  focused  on  predicting  the  spatial  and 
temporal  distribution,  T(r,t),  during  and  following  the  laser  pulse.5  One  can  readily  write  down  the 
appropriate  time  and  space  dependent  Heat  Equation: 


aT  (r,  t) 
at 


H  (T'  -L  +  _L  dal .  (kdelT) 
Cp  pCp 


(1) 


wherek  =  pCpx  =  thermal  conductivity  with  units  of  Jcules  /  (m  Ks) 
k  =  thermal diffusivity,  inm2/s 

Notethatp,  Cp,  andjc  aifi all  Tenperature Dependent;  Therefore,  k is  Tacperatore  Dependent. 

H  (r,  t)  =  Heatinputperunitmass  in  Joule/  (Kgs) ;  far  linear  absorption,  His  proportional  to  a  I  (r,  t) 
where  a  =  linear  absorpticn  coefficient  and  I  (r,  t)  =  instantaneous  power 
daisity  of  the  laser  irradiation  during  the  pulse. 


The  methods  commonly  used  to  solve  analytically  or  numerically  are: 

Laplace  transforms 
Green’s  functions 
Fourier  transforms 


Stochastic/Monte  Carlo 
Finite  Differences 


Computer  models  suffer  from  two  potential  difficulties: 

(a)  Poor  physical  description.  (The  system  has  been  idealized  to  the  point  where 
it  no  longer  describes  reality — similar  to  the  physicist’s  “Spherical  Cow”). 

(b)  Poor  algorithm.  (The  algorithm  is  not  adequate  to  describe  the  behavior  of 
the  model,  let  alone  reality.)  Finite  element  models  of  laser  absorption  and 
heating  generally  involve  good  algorithms,  but  the  computational  overhead 
is  high  and  again  only  simple  models  can  be  studied. 


Analytic 


Numerical 
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One  approach  that  seems  promising  is  the  use  of  stochastic  models.  Stochastic  models  of 
laser  absorption  utilize  a  ‘lean  and  mean’  algorithm,  allowing  for  more  complex,  realistic  physical 
models.  The  main  limitation  to  the  physical  models  it  can  describe  is  that  the  temperature  in  each 
little  cell  is  considered  to  be  uniform.  There  are  tricks  to  minimize  the  impact  of  this  assumption 
(smaller  cells,  extrapolation  etc.).  Algorithmically,  the  output  of  these  models  always  displays 
stochastic  noise,  which  can  be  minimized  by  raising  the  number  of  heat  packets  and  cells.  Stochastic 
models  provide  an  important  check  on  the  more  well  behaved  output  of  finite  element  and  Monte 
Carlo  codes.  If  simplified  physical  models  employed  by  these  more  sophisticated  algorithms  are 
adequate,  their  results  will  be  consistent  with  properly  executed  stochastic  models  (to  within  the 
noise  limits).  An  impressive  example  of  a  simulation  of  laser  heating  of  silicon  and  silver  surfaces 
using  a  stochastic/Monte  Carlo  method  is  described  by  Houle  and  Hinsberg,6  where  peak 
temperatures  reached  at  the  center  of  a  Gaussian  shaped  laser  spot  vs.  laser  power  and  temperature 
vs.  time  were  compared  with  experimental  data.  Fig.  2  shows  Houle  and  Hinsberg’s  results  results 
for  Si  and  Ag 


Fig.  2.  (a)  Simulations  and  Raman  measurements  of  Si  surface  temperature  at  the  center  of 
the  laser  spot  under  CW  laser  irradiation  as  a  function  of  P/r,  where  P  is  the  laser 
power  and  r  is  the  1/e  radius  of  the  laser  beam,  (b)  Simulations  of  the  temperature 
and  2nd  harmonic  generation  in  a  silver  surface  under  pulsed  IR  irradiation  (8  ns 
FWHM,  125  MW/cm2).  Traces  are  simulations  assuming  various  optical  parameters 
to  determine  their  effect  on  the  result.6 

Note  that  even  for  a  well  known  material  such  as  Ag,  the  optical  parameters  were  not  sufficiently 
known  to  nail  the  experimental  data  although  the  overall  time  dependence  looks  very  promising. 

Which  again  raises  the  difficulty  in  modeling  and  simulation  has  do  to  again  with 
complexity— namely,  obtaining  the  appropriate  physical  constants.  For  simple  homogeneous 
materials  such  as  many  pure  metals  and  semiconductors,  the  optical  and  thermal  constants  are  often 
available.  Si,  being  the  most  studied  element  in  the  history  of  science,  is  very  well  characterized. 
As  an  example  of  T  dependent  thermal  constants,  we  show  data  taken  from  the  web  for  crystalline  Si 
in  Fig.  3.  For  more  complex  materials  of  use  in  packaging  and  fabrication,  such  information  is  very 
difficult  if  not  impossible  to  obtain.  In  addition,  optical  constants  may  be  fluence  and  time 
dependent;  spatial  dependence  is  often  critical,  and  the  influence  of  scattering  cannot  be  ignored. 
Thus,  surface  roughness,  the  presence  of  interfaces,  and  the  evolution  of  sub-micron  structures  in  the 
irradiated  region  further  complicates  quantitative  modeling.  The  temperature  dependence  of  both 


458 


Proc.  SPIE  Vol.  4637 


optical  and  thermal  constants  is  often  needed  over  large  ranges,  including  through  phase  transitions 
(e.g.,  melting). 


Temperature  dependence  of  Thermal  Constants  of  Si 


Fig.  3.  Temperature  dependence  of  the  thermal  constants  for  crystalline  silicon. 

Comments  on  the  potential  of  ultrafast  lasers.  A  number  of  studies  have  shown  that 
femtosecond  lasers  are  capable  of  producing  machined  features  with  a  much  smaller  heat  affected 
zone  or  re-solidified  layer  compared  to  ns  pulses.7'1 1  Most  commercial  ultrafast  lasers  are  based  on  a 
Ti:Sapphire  mode-locked  oscillator  pumped  with  a  diode  laser  such  as  a  doubled  Nd:YV04  (at  532 
nm).  The  oscillator  output  is  tunable  from  700  nm  to  1000  nm  and  pulse  energies  are  on  the  order  of 
tens  of  nanojoules  and  a  pulse  repetition  rate  of  tens  of  MHz.  Much  higher  pulse  energies  (and 
therefore  peak  power)  can  be  achieved  using  a  regenerative  amplifier,  with  typical  outputs  of  a  few 
mJ/pulse  and  frequencies  up  to  a  few  kHz  at  pulse  widths  around  100  fs.  Focusing  the  output  of 
such  a  laser  often  makes  possible  exceptionally  high  quality  machining  for  a  wide  variety  of 
materials  including  transparent  solids  (e.g.,  silica  based  glasses),  as  well  as  sintered  ceramics, 
metals,  and  polymers.  At  low  irradiance  on  transparent  materials,  for  sub  bandgap  photon  energies 
the  absorption  behavior  shows  strong  similarity  to  longer  (ns)  pulses,  namely  single  photon  defect- 
dominated  absorption.12*14  For  strong  absorbers  (e.g.,  metals),  again,  single  photon  absorption 
occurs  just  as  it  does  with  longer,  lower  irradiance  pulses.  For  short  pulses,  a  two  temperature  model 
works  well  in  describing  the  energy  density  vs.  position  and  time,  where  only  the  electrons  are 
heated  (to  very  high  Textron)  during  the  laser  pulse,  followed  by  ps  time  scale  transfer  of  the  energy 
to  the  lattice,  resulting  in  a  lagging  and  lower  Tbttice  at  a  rate  determined  by  the  electron-lattice 
coupling  constant  usually  denoted  by  y.15 

At  higher  irradiance  in  all  materials,  the  high  peak  power  of  an  amplified  ultrafast  laser  can 
result  in  multiphoton  ionization  (MPI)  which  can  lead  directly  to  breakdown  of  the  material.  MPI 
also  provides  free  electrons  which  can  act  as  “seeds”;  if  the  pulse  is  greater  than  ~  40  fs,  these  seed 
electrons  can  absorb  laser  energy  via  inverse  bremsstrahlung.  If  the  energy  of  these  “heated” 
electrons  reaches  sufficient  energy  to  impact  ionize  atoms  in  the  solid,  avalanche  ionization  develops 
and  the  material  breaks  down.  The  thresholds  in  irradiance  for  breakdown  in  either  regime  are 
highly  stable  and  give  very  predictable,  reproducible  behavior. 
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Fig.  4.  Energy  density  distributions  vs.  position  for  a  Gaussian  laser  profile  where  we 
have  normalized  the  distributions  for  1st  through  4th  order.  For  a  process  with  a 
threshold  for  each  order  the  width  of  the  active  beam  decreases.  Using  FWHM  as 
the  relevant  distance,  a  4th  order  process  has  ~  half  the  width. 

Most  processing  studies  to  date  have  been  carried  out  above  the  threshold  for  plasma 
formation.  Because  of  the  short  interaction  time,  heat  diffusion  from  the  focus  region  of  the  laser 
beam  into  the  surrounding  area  is  very  limited,  thereby  minimizing  collateral  damage.  Due  to  the 
non-linearity,  higher  order  absorption  with  for  Gaussian  beam  profiles  results  in  only  the  central 
portion  of  the  beam  being  absorbed.  4th  order  absorption,  for  example,  has  a  width  less  than  1/2  the 
Full  Width  at  Half  Maximum  (FWHM)  of  the  1st  order  absorption,  as  shown  in  Fig.  4.  Thus, 
ultrafast  materials  processing  allows  the  machining  of  sub-wavelength  feature  size,  which  is  not 
normally  feasible  with  nanosecond  lasers.  Furthermore,  because  the  multiphoton  interaction  with 
the  material  does  not  require  direct  absorption,  ultrafast  amplifiers  can  be  used  to  process  a  wide 
spectrum  of  materials  as  mentioned  above.  The  amount  of  material  removed/pulse  is  very  constant 
with  ultrafast  lasers,  although  because  the  energy/pulse  is  so  low,  the  amount  removed  can  be  small. 
So  if  one  is  concerned  with  precision  and  small  feature  size,  pulse  to  pulse  reproducibility,  and  an 
extremely  high  degree  of  control,  ultrafast  lasers  are  very  attractive.  Brute  force  tasks  requiring  a 
few  to  watts  of  average  energy  thus  require  falling  back  on  the  traditional  longer  pulse  or  CW  laser 
sources. 

Free  Electron  Laser  (FEL).  Often  new  laser  sources  take  time  to  reach  full  potential  and 
usefulness  to  the  fabrication  community.  The  FEL  clearly  falls  into  that  category.  Nevertheless,  the 
laser-materials  community  has  shown  a  lot  of  interest  in  these  sources.  There  are  several  FELs  in 
the  world,  the  machine  at  Jefferson  National  Accelerator  Facility,  Newport,  has  been  emphasizing 
materials  processing  as  one  of  its  major  uses.16  Currently  the  Jefferson  FEL  has  achieved  the  highest 
average  power  of  any  such  machine  at  2.1  kW.  It  is  tunable  over  the  wavelength  range  of  3-6.2  pm. 
Laser  light  is  generated  by  causing  bunches  of  relativistic  electrons  to  “wiggle”  by  passing  through  a 
set  of  alternating  oriented  north  and  south  pole  oriented  magnets.  The  strong  and  rapid  acceleration 
associated  with  this  motion  causes  light  emission.  A  pair  of  resonator  mirrors  at  opposite  ends  of  the 
wiggler  or  undulator  provide  the  cavity.  The  nature  of  the  resulting  pulse  train  is  unique,  consisting 
a  train  of  micropulses  of  length  0.5  to  1.7  ps  typically  spaced  by  50  ns  and  packaged  in  a  macropulse 
of  lengths  ranging  from  a  few  ps  to  CW.  The  beam  is  highly  polarized  with  polarizations  exceeding 
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6000:1.  Micropulse  energies  have  reached  as  high  as  70  pJ.  An  upgrade  at  Jefferson  is  underway  to 
significantly  increase  the  average  power  and  extend  the  available  light  into  the  UV  down  to  250  nm. 
Plans  are  for  1 0  kW  in  the  IR  and  >  2  kW  in  the  UV.  Because  of  the  tunability  of  the  FEL,  this 
offers  opportunities  to  determine  the  benefits  of  exciting  particular  transitions  in  a  material  such  as 
targeting  IR  transitions.  One  interesting  result  is  the  observation  of  significantly  enhanced  material 
removal  from  polymers  when  certain  vibrational  modes  within  the  polymer  (e.g.,  polystyrene)  were 
excited  with  tuned  IR.17  Other  materials  studies  that  have  been  investigated  with  IR-FEL  light 
include  ablation  of  carbon  materials,18,  vaporization  of  fused  silica,19  as  well  as  studies  on  texturing 
and  micromachining  polymers  and  metals,20  and  the  production  of  single  wall  C  nanotubes.21 

Other  areas  of  interest.  Fundamental  studies  that  focus  on  improvement,  optimization,  and 
extension  of  the  use  of  lasers  for  processing  are  wide  ranging  and  it  is  impossible  to  cover  them  all. 

I  simply  want  to  list  a  few  general  areas  and  examples  for  the  packaging  and  laser  processing 
community  to  consider.  References  given  in  the  cited  articles  are  extensive. 


Type  of  Study 

Goal 

Example 

Wavelength  dependence  of 
laser  materials  interactions. 

Determine  the  mechanisms  and 
understand  why  different 
wavelengths  behave  as  they  do. 

Defects  vs.  intrinsic 
absorption;22  Direct 
coupling  into  vibrational 
modes  of  polymers, 
crystalline  solids; 17  near 
surface  absorption  vs. 
bulk  absorption — 
mechanical  consequences 
(melting  vs.  fracture);23 
particulate  formation.24 

Role  of  Chemical 

Environment  on  Material 
Removal  rates;  surface 
modification 

Seeking  synergisms  and 
understanding  of  how 
surrounding  reactive  gases  and 
liquids  can  cause  enhanced 
interactions. 

The  role  of  water  on  laser 
decomposition  and 
desorption;25  surface 
microstructuring,26 
reactive  etching  in 
liquids. 

Adding  absorbers  to 
materials 

Addition  of  strong  absorption 
centers  and  understanding  the 
absorbed  energy  enhances  the 
sensitivity  of  the  laser  material 
interaction. 

Increasing  defect 
densities,  8  adding  dyes  to 
polymers  to  inhance 
absorption;29  improved 
patterning.30 

Adding  exothermicity  to 
solids 

Using  chemistry  to  design 
exothermic  decomposing  solids 
to  improve  rates  and  quality  of 
ablation. 

Use  of  polymers  with 
functional  groups  tailored 
for  rapid  and  energetic 

■3  1  33 

decomposition.  ’ 

Interesting  simulations  and 
mechanistic  studies. 

Using  basic  physics  and 
chemistry  to  understand 
processes  of  interest  to  ablation 
and  fabrication. 

Molecular  dynamics 
studies  of  ablation;33; 
ablation  mechanisms;34 
laser  cleaning.35 
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Another  consideration  in  the  use  of  lasers  for  packaging  and  processing  has  to  do  with  diagnostics. 
As  more  sophistication  in  terms  of  characterization  and  monitoring  what  is  happening  during  a  laser 
materials  process,  we  point  out  that  there  are  a  number  of  techniques  where  (primarily)  lasers  can  be 
used  to  probe  the  material  and  near  surface  region,  even  in  real  time.  These  include: 

Uses  of  Lasers  for  Diagnostics 

•  Real  time  LIBS  (Laser  Induced  Breakdown  Spectroscopy) 

*  Photothermal  Deflection 

•  Black-Body  Analysis 

•  Interferometry 

*  Ellipsometry 

*  Non-linear  optical  spectroscopy 

*  Plasma  resonance  spectroscopy 

*  Roughness  (laser  scattering) 

•  Confocal  Microscopy 

•  Spectroscopy  (Raman,  Reflection,  Electron/X-ray,  EDAX) 

Often  such  signals  can  be  used  to  determine  end-points  on  various  material  removal  applications. 

Finally,  we  point  out  that  the  use  of  lasers  in  biology  and  medicine  is  expanding  at  an  enormous  rate. 
One  of  the  major  reasons  is  that  health  issues  are  highly  valued  by  society  so  that  funds  for  any 
potential  diagnostic  tool  or  cure  finds  support.  The  developments  in  the  use  of  lasers  in  medicine 
have  relied  strongly  on  previous  work  on  ceramics,  polymers,  and  metals  that  fall  into  the  traditional 
laser  materials  interactions  domain.  Nevertheless,  because  of  the  intensity  of  their  activity,  it  would 
be  wise  to  watch  developments  in  the  bio-areas  and  when  appropriate,  take  back  any  good  ideas. 
Some  of  the  areas  that  may  be  relevant  include  the  following: 

Where  Bio  and  Materials  Might  Meet 

•  Surgery  -  cellular;  sub-cellular  level;  ultrafast;  MUST  minimize  damage 

•  Use  of  Laser  Tweezers — particle  manipulation 

•  Fluorescent  tags  (perhaps  in  polymer  composites) 

•  Water  (bubbles,  jets,  shockwaves) — use  of  other  fluids 

•  Optical  Diagnostics  (non-invasive  photodiagnostics) 

•  Use  of  cryogens  (sprays  that  cool  while  laser  heats) 

•  Tissue  welding  (bonding  at  buried  interfaces) 

•  Reshaping  Tissue  (e.g.,  cartilage  can  be  molded  and  shaped  at  60  C) 

•  Modeling  of  Complex  Systems  (skin,  eye,  blood  vessels) 

•  Field  Enhancement  techniques  (use  of  metal  nanotips  to  enhance  E  fields) 

Other  areas  of  technology  that  are  places  to  watch  for  new  ideas  are  the  Micro-Electro-Mechanical 
Structures  (MEMS)  and  Nanotechnology  arenas.  In  a  variety  of  applications,  processing  and 
packaging  will  necessarily  follow  the  trends  to  go  to  smaller  and  smaller  dimensions.  Thus, 
fabrication  in  several  domains  will  clearly  point  in  the  direction  of  manipulating  and  generating 
features  that  eventually  will  challenge  our  usual  approaches  involving  refractive  optics  that  are 
limited  by  the  wavelength  of  light. 


462 


Proc.  SPIE  Vol.  4637 


III.  CONCLUSIONS 


The  use  of  lasers  will  continue  to  be  increased  for  processing  and  packaging  applications.  As 
the  requirements  for  precision,  quality,  and  manufacturing  rates  intensity,  physical  and  chemical 
understanding  will  aid  in  making  desired  progress.  As  usual,  practical  needs  are  leading  our 
understanding,  simulation,  and  modeling  capability.  The  reason  is  primarily  the  complexity  of  the 
structures,  mix  of  materials,  surface  and  bulk  heterogeneities,  and  the  presence  of  interfaces  that 
make  it  challenging.  Obtaining  all  of  the  needed  optical,  thermal,  and  mechanical  constants  for  these 
models  can  also  be  difficult.  Motivation  is  highest  (as  seen,  for  example  in  the  use  of  lasers  in 
medicine)  where  high  value  processes  are  involved.  Where  high  value  arises,  “the  experimentalists 
and  simulators  will  come.” 
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1.  INTRODUCTION 

Diode  pumped  Nd-YAG  lasers  are  becoming  a  potentially  powerful  tool  for  microelectronics  packaging  and  micro¬ 
machining.  One  of  the  major  advantages  of  such  lasers  is  high  brightness  and  pulse  formatting  capability.  This  offers  a 
tool  for  controlled  materials  removal  or  micro-welding.  The  recently  developed  high  power  diode  pumped  Nd-YAG 
laser  with  Slab  geometry  opened  the  door  for  even  higher  power  density.  On  the  other  hand,  high  brightness  poses  a 
challenge  for  management  of  laser-induced  plasma  for  process  stability  and  repeatability.  In  order  to  develop  the 
fundamental  understanding  of  the  role  of  plasma  during  the  laser  micro-machining,  one  needs  to  fully  characterize  the 
plasma  density.  Laser  Absorption  Spectroscopy  is  a  good  tool  for  that  purpose  since  it  measures  the  events  near  the 
ground  level  where  population  is  high  and  thus  measurements  are  more  accurate.  This  paper  describes  the  technique  and 
presents  the  results. 


2.  THEORY  OF  ATOMIC  ABSORPTION  SPECTROSCOPY 

The  following  formulation  for  recovering  the  atomic  density  and  temperature  was  employed  dining  this  study.  If  a  beam 

of  light  of  frequency  v  and  intensity  = -a  J  passes  through  a  medium  of  length  dx  (Figure  1)  then  the  absorption 

dz  v  v 

may  be  expressed  as  (Thome,  Litzen  et  al.  1999): 


^ =-<rvlv  (2.1) 

dx 

where  /  is  the  frequency  dependent  intensity  and  av  is  the  frequency  dependent  absorption  coefficient  of  the  medium. 


I(x,v) 


I(x+dx,v) 


dx 


Figure  1 .  Absorption  of  light  through  a  medium 
Integrating  (2.1)  with  respect  to  x  over  a  distance  l, 


In 


Ml 

Mo) 


fcTydx 

0 


(2.2) 


Assuming  that  the  population  of  the  upper  level  of  the  transition  is  negligible  in  comparison  to  the  population  of 
the  lower  level,  the  absorption  coefficient  can  be  related  to  the  atomic  density  of  the  lower  level  of  the  absorption 
transition,  Yli ,  by  (Duffey,  McNeela  et  al.  1993): 
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If  the  integral  over  the  frequency  is  performed  on  (2.2),  and  (2.3)  is  substituted  and  solved  for  n;  then: 


If  the  absorbing  medium  is  assumed  to  have  a  cylindrical  shape,  then  the  density  as  a  function  of  radial  position 
in  the  plume  for  various  heights  can  be  recovered  by  the  inverse  Abel  transform  (Duffey,  McNeela  et  al.  1995).  If  the 
probe  laser  beam  is  translated  at  different  positions  *,  the  distance  of  closest  approach  to  the  axis  of  symmetry  by  the 
probe  beam,  then  the  Abel  transform  yields: 


(2.5) 


where  NA  W  is  the  Abel  transform  function,  r  is  the  radius  from  the  axis  of  symmetry  and  h  is  the  height  within  the 
plume. 


Using  an  Abel  inversion  technique  developed  by  Smith  et  al.  (Smith,  Keefer  et  al.  1988),  ni  can  be  recovered 
by  simultaneously  applying  an  inverse  Hankel  transform  of  the  Fourier  transform  of  the  transform  function  na  (*): 

«,(/•)=  2n  jQ  qJ0{27trq )  j^Nh (x)exp[-j2nxq]dxdq  (2.6) 

where  Ja  is  the  zero-order  Bessel  function  of  the  first  kind  and  q  is  the  frequency  in  the  Fourier  domain. 

The  atomic  density  for  a  particular  electronic  level  as  a  function  of  radius  can  now  be  found  by  way  of  the 
integrated  line  intensity: 

ni{r)=^rf-  J  qJo^n-q)  j  exp(-y2;zxtf)  f  In1^ dvdxdq  (2.7) 

e  Jik  0  "Ime  /^(Z) 

Assuming  local  thermodynamic  equilibrium  (LTE)  holds,  the  electronic,  or  excitation,  temperature  as  a 
function  of  plume  radius  may  also  be  found  through  the  Boltzmann  relation  using  absorption  lines  originating  from 
different  lower  states  (Duffey,  McNeela  et  al.  1995): 


nj(r)  s, 


kT(r) 


(2.8) 


where  the  subscripts  /  andy  indicate  the  upper  and  lower  electronic  energy  levels,  g  is  the  degeneracy,  E  is  the  energy,  k 
is  Boltzmann’s  constant  and  T  is  the  electronic  temperature. 


Alternatively,  if  more  than  two  lines  are  available  then  the  excitation  temperature  can  be  determined  from 
comparing  the  relative  densities  for  different  states.  If  log («,  /g,)  is  plotted  against  E/k  for  several  states  and  is  fit  by  a 
straight  line,  the  slope  of  the  line  is  equal  to  - 1  it  and  T  can  be  determined. 
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3.1  Experimental  Set  Up 


3. 


EXPERIMENTAL  DESIGN 


The  material  used  in  the  experiments  for  plasma  characterization  was  AISI  52100  steel,  which  can  provide 
several  accessible  transition  lines  in  visible  and  near  U.V.  The  alloy  composition  is  given  in  Table  1.  Iron  spectra  have 
been  well  studied  and  contain  an  abundance  of  strong  electronic  transitions  whose  wavelengths  are  easily  accessible  by 
dye  lasers. 


Table  1.  Composition  of  SAE  52100  steel 


Element 

C 

Cr 

Mn 

Si 

Fe 

Weight  % 

1.0 

1.45 

0.35 

0.275 

balance 

The  laser  utilized  in  the  experiments  was  designed  by  General  Electric  at  their  Center  for  Research  and 
Development  in  Schenectady,  NY.  It  is  a  diode-pumped  Nd:YAG  laser  that  operates  at  the  fundamental  Nd:YAG 
wavelength  of  1.06pm.  The  solid-state  crystal  is  a  slab  geometry  that  is  face-pumped  by  the  diode  lasers.  The  stable 
resonator  configuration  produced  up  to  400  W  average  power  and  a  beam  quality,  M2,  of  approximately  10. 

The  laser  was  operated  in  Q-switch  “burst”  mode.  The  diodes  were  pulsed  at  300Hz  repetition  rates  and  400ps 
pulse  widths,  giving  a  12%  duty  cycle.  In  the  burst  mode,  a  pair  of  acousto-optic  modulators  (AOMs)  provided  Q- 
switching  at  40  kHz  repetition  rates  and  110ns  pulse  widths  to  modulate  the  laser  during  the  pump  pulses.  This 
produced,  on  average,  15  Q-switched  pulses  per  pump  pulse.  The  Q-switching  produced  peak  powers  per  pulse  of  about 
0.8MW  (at  260W  average  power). 

The  beam  was  delivered  via  a  45°  turning  mirror  down  to  a  200mm  focal  length,  plano-convex,  fused  silica 
lens.  The  lens,  in  conjunction  with  a  beam  width  of  10mm,  resulted  in  an  f-number  of  about  20  and,  assuming  an  M2  of 
10,  a  focused  spot  size  of  approximately  270pm. 

The  processed  coupons  were  0.5”  (13mm)  thick,  1.75”  (44mm)  diameter  samples  machined  from  52100  steel 
bar  stock  with  both  faces  milled.  The  coupons  were  held  with  a  surface  facing  up  toward  the  incoming  beam  and  then 
translated  at  2ipm  (0.08cm/s)  transverse  to  the  beam  in  straight  lines  using  Aerotech  linear  motor  XY  tables. 

Argon  shield  gas  was  supplied  at  a  flow  rate  of  25CFH  (121pm)  about  0.75”  (20mm)  from  the  workpiece 
surface  at  an  angle  of  about  80  degrees.  The  gas  nozzle  diameter  was  0.4”  (10mm). 

A  tunable  ring-dye  laser  was  used  to  produce  the  probe  beam.  It  was  a  Coherent  899-29  Autoscan  system  with 
the  capability  of  achieving  a  laser  line  width  of  less  than  500kHz.  The  dye  was  pumped  by  about  5W  in  the  multi-line 
UV  wavelength  range  by  a  Coherent  Innova  200-20/4  argon  ion  laser.  The  dye  used  was  Stilbene  420  in  solution  with 
ethylene  glycol,  which  allowed  continuous  tuning  from  420-450nm. 

The  dye  laser  output  was  about  80mW  and  was  sent  through  an  optical  isolator  to  prevent  back  reflections  into 
the  laser  cavity.  It  was  then  focused  into  a  3pm  single  mode  fiber  that  ran  from  the  dye  laser’s  optic  table  to  the  GE 
laser  workstation.  The  fiber  end  was  held  in  a  Newport  F-915T  fiber  coupler  where  the  beam  exiting  the  fiber  was 
collimated  by  lOx  microscope  objective.  The  output  power  from  the  fiber  end  was  about  5mW.  The  beam  was  then 
focused  by  a  200mm  f.l.  lens  into  the  plume,  re-collimated  by  another  200mm  f.l.  lens,  passed  through  an  iris,  reflected 
off  two  turning  mirrors,  through  a  300mm  f.l.  lens,  another  iris  and  finally  a  bandpass  filter  (70nm  FWHM  centered  at 
450nm)  after  which  an  amplified  photodetector  collected  the  focused  light.  The  beam  was  sent  along  the  back  of  the 
setup  by  the  two  turning  mirrors  in  order  to  increase  the  path  length  and  isolate  the  photodetector  from  plume  emissions. 
The  long  path  length,  irises  and  bandpass  filter  were  utilized  to  reduce  optical  noise  from  the  plume.  The  fiber  coupler 
and  the  focusing  200mm  f.l.  lens  were  mounted  on  XZ  stages  to  provide  vertical  and  horizontal  movements  of  the  beam 
relative  to  the  plume  while  also  keeping  the  beam  centered  in  the  optics.  The  schematic  of  the  setup  can  be  seen  in 
Figure  2  and  a  photographic  image  in  Figure  3. 
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The  data  collection  utilized  the  Autoscan  interface  box,  a  pair  of  boxcar  integrators  (Stanford  Research  Systems 
SR250),  a  pulse  generator  (SRS  DG535),  a  photodiode  positioned  at  the  exit  window  of  the  GE  laser  (Thorlabs 
amplified  PD),  and  a  digital  oscilloscope  (Tektronix  TDS  3052). 
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Figure  2.  Schematic  of  the  absorption  spectroscopy  experiment 


Figure  3.  Dye  laser  beam  path  and  optical  components  as  viewed  from  the  right 

3.2  Process  Conditions  and  Data  Collection 

Table  2  gives  the  independent  variables  examined  in  the  study.  First,  three  laser  powers  (average)  were  used: 
80,  150  and  260W.  A  390W  (maximum  power  at  the  time  of  the  experiments)  was  also  attempted.  However,  the 
amount  of  spatter  from  the  workpiece  was  excessive,  resulting  in  having  to  replace  cover  slides  often  as  well  as  causing 
damage  to  the  probe  beam  optics. 
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Table  2.  Independent  variables 


Independent  variable 

Conditions 

Average  laser  power 

80, 150, 260W 

Delay  from  start  of  GE  laser  pulse 

3, 6, 9|xs 

Probe  beam  height  above  workpiece 

0.8, 1.5, 2.5mm 

Second,  three  different  boxcar  gate  delays  relative  to  the  beginning  of  the  GE  laser  pulse,  3,  6  and  9ps,  were 
used.  12ps  was  also  used  at  a  power  of  260W  for  a  simple  comparison  to  the  earlier  delays.  3ps  was  the  earliest  time 
the  plume  could  be  probed  without  encountering  significant  plume  emission  interference.  At  1  and  2ps,  even  with  the 
irises  apertured  to  just  barely  larger  than  the  dye  laser  beam,  the  plume  emission  was  still  strong  enough  that  the 
absorption  measurements  were  not  reliable  due  to  emission  interference.  The  plume  was  also  not  significantly  probed 
beyond  9ps  because  the  absorption  was  too  weak  to  measure  at  the  lower  laser  powers,  although  at  260W  there  was  still 
enough  absorption  at  12ps  to  take  some  measurements.  Because  absorption  could  not  be  detected  beyond  12ps, 
interference  from  the  next  pulse  was  not  an  issue  since  the  pulse  spacing  was  25  ps  (40kHz). 

Finally,  the  probe  beam  height  was  adjusted  starting  from  0.8mm  above  the  surface  of  the  substrate  to  heights 
of  1.5  and  2.5mm.  Heights  above  2.5mm  demonstrated  weak,  if  any,  absorption,  particularly  at  the  earliest  delay  time, 
3ps.  However,  some  measurements  at  3.5mm  could  be  taken  at  260W  and  a  delay  of  12(is. 

Regarding  the  atomic  iron  transitions  studied,  Table  3  shows  the  different  Fe  I  transitions  investigated  and  their 
respective  transition  probability  data.  The  data  was  compiled  from  the  NIST  Atomic  Spectra  Database 
(http://physics.nist.gov/cgi-bin/AtData/main_asd).  The  labels  noted  in  the  last  column  of  the  table  are  a  scheme  by 
which  the  different  transitions  could  be  quickly  differentiated  during  data  recording.  Many  different  lines  were  scanned 
using  the  dye  laser  in  order  to  determine  which  ones  were  optimal  for  the  experiments.  In  some  cases,  such  as  lines  C,  D 
and  E,  the  absorption  was  so  strong  that  the  detector  read  OV  (i.e.  essentially  100%  absorption)  for  a  large  portion  of  the 
scan  resulting  in  an  absorption  profiles  with  flat  tops.  In  another  case,  G,  the  hne  investigated  overlapped  an  adjacent 
line  too  much  to  reliably  curve-fit  the  absorption  profile.  Thus,  these  lines  were  ignored.  Also,  lines  with  lower  level 
energies  above  23,000cm"1  were  not  strong  enough  to  detect. 

Table  3.  Transitions  and  probability  data  (highlighted  indicates  transitions  which  were  primarily  used  in  the  study) 


^ vacuum 

(nm) 

E, 

(cm"1) 

Lower  level 
electron 
configuration 

Term 

symbol 

fji 

Si 

Label 

for 

exp. 

437.7159 

0.000 

3^4s2 

5d4 

0.000104 

9 

C 

438.4776 

11,976.234 

3d'(4F)4s 

jf4 

0.176 

9 

D 

441.6362 

12,968.549 

3d/(4F)4s 

% 

0.0487 

5 

E 

442.3809 

22,946.808 

3<7v(4P)4s 

JPi 

0.026 

3 

I 

444.3585 

17,726.981 

3</v(4P)4s 

5P2 

0.0111 

5 

J 

444.8967 

17,927.376 

3d'(4P)4s 

^p, 

0.0152 

3 

K 

446.0369 

17,550.175 

3d7(4P)4s 

5P* 

0.00752 

7 

M 

446.2904 

704.004 

3/4si 

5d2 

0.000123 

5 

F 

446.7805 

22,838.318 

3d7(4P)4s 

"P2 

0.050 

5 

N 

448.3427 

888.129 

3/4s2 

"Dt 

0.000105 

3 

G 

Three  lines  were  chosen  for  the  full  study  to  expedite  data  collection:  F,  M  and  N.  These  lines  were  chosen 
because:  (a)  they  were  all  close  in  wavelength  (overall  separation  0.75nm),  (b)  their  lower  energy  levels  were  spaced 
relatively  far  apart  and  (c)  their  lower  energy  levels  overlapped  those  that  were  eliminated  from  the  study,  resulting  in 
little  loss  of  information. 
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Since  the  dye  laser  beam  was  continuous  and  could  not  be  synchronized  with  the  GE  laser  pulses,  boxcars  were 
necessary  for  precise  timing  in  detecting  the  dye  laser  signal.  A  gate  could  be  set  so  the  boxcars  would  read  voltages 
only  at  specified  time  periods  relative  to  a  trigger  and  the  resulting  signal  could  also  be  amplified  by  the  boxcars.  The 
boxcars  were  not  used  to  perform  any  averaging.  Boxcar  1  was  used  for  detecting  the  absorption  signal  when  the  plume 
was  present  and  Boxcar  2  was  used  for  the  baseline  dye  laser  power  signal  without  a  plume.  The  gate  delay  for  Boxcar 
1,  relative  to  signal  A-B  from  the  pulse  generator,  was  one  of  the  independent  variables  of  the  experiment  and  set  to  3, 6, 
9  and,  in  one  case,  12ps,  and  the  gate  width  was  set  to  0.5ps.  The  gate  delay  of  Boxcar  2  was  800ps  and  the  width  15ps. 
This  was  to  ensure  that  the  plume  was  completely  extinct  before  the  signal  was  acquired. 

In  order  to  properly  map  out  the  Abel  inverted  densities  and  temperatures  of  the  plume,  the  probe  beam  had  to 
be  used  to  measure  as  many  points  across  the  width  of  the  plume  as  possible  for  each  height  above  the  surface,  i.e.  the 
Abel  inversion  becomes  more  accurate  the  greater  the  spatial  resolution  during  measurement.  A  200mm  f.l.  lens  was 
chosen  to  focus  the  probe  beam  into  the  plume  since  it  offered  a  reasonable  compromise  in  spot  size  vs.  depth  of  focus. 
The  focused  beam  width  was  about  120pm  and  the  depth  of  focus  about  5mm,  which  was  longer  than  the  plume 
dimensions. 

Data  was  collected  for  each  transition,  the  beam  was  indexed  horizontally  by  150pm  and  then  data  collection 
taken  again  for  each  transition.  This  process  was  repeated  until  no  additional  absorption  could  be  detected  for  any  one  of 
the  lines. 


At  each  point  in  the  plume  the  absorption  profile  was  collected  for  each  transition.  In  order  to  obtain  the 
absorption  profile,  the  dye  laser  frequency  had  to  be  scanned  while  the  signals  from  the  boxcars  were  acquired,  i.e.  the 
dye  laser’s  frequency  changed  at  specified  intervals  and  stopped  during  each  interval  to  collect  the  signals  from  the 
boxcars.  The  scan  parameters  could  be  set  in  the  Autoscan  software.  For  these  experiments  the  data  interval  was 
100MHz  and  the  total  scan  distance  was  30GHz  (three  segments  of  10GHz)  for  a  total  of  300  data  points  per  scan. 

The  Autoscan  data  from  a  sample  scan  can  be  seen  in  Figure  4.  Notice  that  the  VET  signals  are  smooth  and 
continuous  and  that  the  dye  laser  power  is  constant  throughout  the  scan.  Any  scan  that  had  a  poor  laser  power  or  VET 
signal  was  expunged  and  the  scan  repeated. 


Autoscan  frequency  scan  during  processing 
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Figure  4.  Acquired  Autoscan  data  during  absorption  spectroscopy  experiments 
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3.3  Density  and  Temperature  Calculations 

Once  the  scan  files  were  assembled,  the  natural  log  of  the  ratio  of  the  100%  transmitted  beam  (no  plume)  to  the 
transmitted  partially  absorbed  beam  (plume  present)  was  calculated:  WIJT). 

The  next  task  was  to  curve  fit  the  absorption  profile.  Early  in  the  study  it  was  found  that  the  absorption  profiles 
fit  neither  a  pure  Gaussian  nor  a  pure  Lorentzian  profile.  Therefore  they  were  fit  using  a  Voigt  profile,  which  is  a 
convolution  of  Gaussian  and  Lorentzian  profiles.  The  program  used  to  curve  fit  the  data  utilized  an  algorithm  developed 
by  Kuntz  (Kuntz  1997). 

Next,  another  program  assembled  multiple  curve  fit  files  for  use  in  an  Abel  inversion  calculation.  The  data  was 
symmetrized  using  Smith’s  technique,  centered  and  truncated  at  99.7%.  The  truncation  was  simply  a  window  filter 
applied  to  the  data  in  the  Fourier  domain  during  the  Abel  inversion  that  removed  high  frequency  noise.  In  general, 
truncations  less  than  99.7%  produced  Abel  inverted  results  that  contained  either  high  frequency  noise  or  features  that 
could  not  be  reconciled  with  the  general  trends  of  the  pre-Abel  results.  First  the  Abel-inverted  densities  were  calculated 
and  then  used  to  calculate  the  temperatures. 

4.  RESULTS  AND  DISCUSSION 

A  design  of  experiments  was  followed  where  the  DPSSL  was  operated  at  powers  of  80, 150  and  260W,  the  data 
collected  at  delays  of  3,  6  and  9ps  and  the  plume  probed  from  heights  of  0.8,  1.5  and  2.5mm  above  the  surface  of  the 
workpiece.  The  resulting  absorption  profiles  from  three  transitions  of  Fe  I  were  analyzed  using  Abel  inversion  for 
calculating  atomic  densities  and  temperature.  Time-of-flight  measurements  and  some  time-averaged  emission  spectral 
data  were  also  taken.  Line  broadening  of  the  absorption  profiles  was  considered  and  the  microstructure  of  the  processed 
steel  was  examined. 

It  was  found  that  the  peak  atomic  densities  under  all  conditions  were  typically  on  the  order  of  1016cm'3  for  the 
lower  level  of  446.29nm  (F),  1014cm'3  for  the  lower  level  of  446.03nm  (M),  and  1013cm'3  for  the  lower  level  of 
446.03nm  (N),  as  shown  in  Figures  5,  6,  and  7.  Thus,  as  the  lower  energy  level  of  the  transition  increases,  the  atomic 
density  at  that  level  decreases,  which  is  consistent  with  the  Boltzmann  distribution. 

In  the  design  of  experiments,  different  heights  in  the  plume  were  probed  by  the  dye  laser.  Although  different 
processing  conditions  produced  different  density  patterns  within  the  plume,  no  definitive  correlation  could  be  made 
between  the  changes  in  density  within  the  plume  with  respect  to  the  independent  variables,  delay  and  power. 

In  regard  to  correlating  the  densities  to  the  delay,  some  conclusions  can  be  made.  First,  the  F  transition 
demonstrates  significant  populations,  greater  than  1015cm'3,  for  all  conditions  with  the  exception  of  the  2.5mm  height  at 
150W  and  delay  of  3ps.  At  the  lowest  height,  the  density  generally  increased  with  delay  at  80W  but  decreased  with 
delay  at  150  and  260W.  At  the  greater  heights,  the  density  peaked  early  at  80W  but  peaked  at  the  later  delays  at  150  and 
260W.  Also,  the  density  of  the  lower  level  of  the  F  transition  was  not  appreciably  sensitive  to  the  delay  time  at  which  it 
was  probed,  that  is  the  density  variation  was  not  great  between  delays  up  to  9ps. 

The  M  and  N  transitions  demonstrated  similar  responses  in  densities  to  different  delays.  The  plume  density 
decreased  with  time,  except  for  the  extreme  case  of  the  3ps  delay  at  150W  power  where  the  power  was  not  large  enough 
to  have  built  up  the  populations  at  the  2.5mm  height.  Also,  unlike  the  F  transition,  the  M  and  N  transitions’  densities 
were  highly  sensitive  to  the  time  at  which  they  were  probed  and  showed  dynamic  responses  to  delay  time. 

Overall,  the  lowest  lying  transition,  F,  demonstrated  significant  population  up  to  12ps  and  did  not  vary  much 
between  3-9ps.  Since  it  is  a  ground  level  transition  it  is  representative  of  the  entire  density  of  iron  atoms,  thus  the  plume 
still  has  a  considerable  density  of  iron  atoms.  The  M  and  N  transitions  obviously  showed  dramatic  decreases  in 
population  with  time  because  of  the  plume  cooling. 

Regarding  density  changes  with  power,  as  the  power  increased  the  densities  of  all  of  the  transitions  increased 
near  the  top  of  the  plume  and  early  in  the  plume  lifetime.  Also,  the  density  at  the  bottom  of  the  plume  was  not  very 
sensitive  to  power  changes  whereas  the  density  at  the  top  of  the  plume  shows  great  sensitivity  to  changes  in  laser  power. 
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Overall,  the  transitions  demonstrate  similar  trends  in  density  changes  with  power,  although  the  similarities  are  greatest  at 
the  early  delays. 

Using  the  density  results,  some  trends  in  the  plume  width  became  evident.  At  the  early  delays,  3  and  6ps,  the 
plume  width  increases  with  power  but  remains  relatively  constant  with  power  at  9ps.  Second,  the  plume  remained 
constant  with  height  at  80W  but  decreased  with  height  at  the  early  delays  and  then  was  constant  with  height  by  9ps  for 
150  and  260W.  Finally,  at  the  lower  heights  the  plume  width  generally  remained  constant  with  delay  but  increased  with 
delay  at  2.5mm. 
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Figure  5.  Atomic  density  of  446.29nm  transition  (F)  vs.  delay  for  260W  power,  0.8mm  height 
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Figure  6.  Atomic  density  of  446.03nm  transition  (M)  vs.  delay  for  260W  power,  0.8mm  height 


Proc.  SPIE  Vol.  4637 


Figure  7.  Atomic  density  of  446.78nm  transition  (N)  vs.  delay  for  260W  power,  0.8mm  height 

SUMMARY 

Laser  atomic  absorption  spectroscopy  using  a  tunable  ring  dye  laser  was  successfully  implemented  in  analyzing 
the  vapor  plume  created  during  processing  of  steel  with  a  diode-pumped  solid-state  laser  (DPSSL).  This  work  represents 
the  first  comprehensive  characterization  of  atomic  species  within  plasma  produced  by  a  high  power,  DPSSL. 
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ABSTRACT 

In  the  past  two  decades,  laser  applications  in  the  packaging  of  microelectronics  and  photonics  have  clearly  made  a  mark 
in  industrial  processing.  With  the  commercial  availability  of  reliable  UV  and  IR  lasers,  a  wealth  of  techniques  and 
methods  have  evolved:  generation  of  vias,  high  resolution  patterning  of  materials  by  etching  and  ablation,  laser  bonding 
and  microwelding,  stripping  of  insulation  and  cladding,  deposition  of  conductors,  creation  of  surface  microstructures, 
cleaning  of  sensitive  surfaces,  and  a  variety  of  drilling,  slicing,  and  dicing  processes.  The  list  goes  on  and  on,  and  what 
new  techniques  may  evolve  is  limited  only  by  human  ingeniity.  In  this  presentation  I  will  review  several  of  these 
applications  with  particular  emphasis  on  those  that  are  industrially  useful.  Many  interesting  concepts  in  laser  processing 
fill  the  pages  of  scientific  and  engineering  journals,  but  few  of  these  ideas  are  seriously  considered  for  a  manufacturing 
environment.  In  concluding  this  talk,  I  will  attempt  to  answer  just  what  makes  an  industrially  successful  laser  process. 

Keywords:  laser  processing,  lasers,  microelectronics,  packaging,  material  processing 


1.  INTRODUCTION 

Over  the  past  two  decades,  the  interest  in  laser-based  packaging  applications  has  grown  dramatically.  Nowhere  has  the 
fruition  of  this  interest  been  more  evident  than  in  the  for-profit  commercial  sector.  With  the  shrinking  dimensions  of 
current  and  future  electronic  circuitry,  lasers  have  provided  the  necessary  pin-point  thermal  and  photochemical  activation 
to  permit  the  accomplishment  of  both  micro-  and  nano-scale  machining  processes.  The  recent  advent  of  high  quality 
solid-state  lasers,  with  pulse  durations  down  to  femtoseconds,  holds  much  promise  for  the  increasing  use  of  lasers  in  the 
high  tech  manufacturing  environment. 

Business  and  manufacturing  strides  into  the  laser  arena  have  grown  congruously  with  the  availability  of  robust,  high 
quality,  and  reliable  lasers  and  their  associated  optical  components.  For  example,  nearly  20  years  ago  the  first  tentative 
steps  into  the  world  of  laser  ablation  of  vias  for  microelectronic  packaging  structures  occurred  at  a  time  when 
industrially-ready  excimer  lasers  were  just  being  conceived.1  Hand-in-hand  with  the  growing  success  of  this  process, 
improvements  in  the  quality  of  eximer  lasers  in  turn  spawned  more  applications  and  interest.  Now  days,  high  quality 
laser  machining  of  packaging  vias  is  routine  in  many  commercial  sectors.  Similarly,  the  improvement  in  optical  materials 
and  coatings  has  proceeded  with  the  growth  of  industrial  laser  processes.  Optical  surface  coatings  that  would  once  fail 
after  short  lifetimes,  particularly  when  operating  at  intense  UV  wavelenths,  now  have  vastly  improved  properties  and 
their  long-term  operation  is  taken  for  granted.  It  is  clear  that  advances  in  laser  instrumentation  and  optical  techniques  is 
symbiotic  with  the  increased  use  these  devices  in  the  packaging  industry. 

However,  even  with  the  impressive  improvements  noted  above,  many  potential  laser  applications  never  make  the  “cut” 
(so  to  speak)  into  industrial  processing.  There  are  many  reasons  for  this,  and  I  will  return  to  a  discussion  of  this  point 
near  the  end  of  this  article.  For  now,  it  is  clearly  understood  that  a  particular  laser  process  must  be  cost-effective.  That 
is  to  say,  the  process  must  provide  a  significant  improvement  over  competing  technologies  (which  always  exist),  and 
must  do  so  in  a  manner  that  provides  an  acceptable  financial  return  for  the  investment.  Returning  to  the  excimer  laser  via 
application,  a  considerable  debate  occurred  within  the  industry  in  the  mid- 1 980’ s  as  to  the  competitiveness  of  laser  via 
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technology  versus  that  of  plasma  etching.  At  that  time,  the  investment  in  and  understanding  of  plasma  via  technology  far 
exceeded  that  of  laser  processing.  Nevertheless,  the  superiority  of  the  fabricated  laser  vias,  their  increased  speed  of 
production,  and  the  relative  simplicity  of  the  laser  process,  opened  the  door  for  a  cost-effective  excimer  laser  technology 
that  has  enjoyed  success  ever  since. 


2.  A  CATALOG  OF  APPLICATIONS 

Laser  applications  in  microelectronic  and  photonic  packaging  involves  optical  means  for  integrating  micro-  and 
nanoscale  components  into  a  complete  assembly  which  will  perform  a  specific  function.  As  geometries  of  the  packaging 
structures  continues  to  shrink,  the  system  performance  becomes  limited  by  the  ability  of  technologies  to  process  on  such 
a  small  scale.  Because  of  the  laser’s  ability  to  focus  to  less  than  micron  spot  sizes,  it  has  become  a  “natural”  processing 
tool  in  the  photonics  world.  As  one  might  guess,  many  processing  ideas  involving  lasers  have  been  conceived  and  used 
over  the  years  in  pursuit  of  this  endeavor.  In  this  section,  several  of  these  applications  will  be  discussed. 

2.1  Vias  and  hole-drilling 

The  packaging  structures  on  which  logic  chips  are  mounted  contain  many  layers  of  electrical  circuitry.  Each 
metallization  layer,  containing  copper,  aluminum,  or  other  alloys,  is  separated  from  other  metal  layers  by  a  dielectric 
layer.  This  dielectric  may  be  composed  of  organic  polymer,  glass,  or  other  composite.  In  order  to  connect  one 
metallization  layer  to  another,  via  holes  must  be  created  at  certain  spatial  locations  in  the  dielectric.  For  over  a  decade, 
UV  excimer  lasers  have  excelled  at  this  technology,  particularly  with  respect  to  organic  polymer  ablation.2  Currently, 
solid-state  and  C02  lasers  are  being  increasingly  used  in  place  of  the  more  costly  and  complex  excimers.  For  larger  vias, 
>  100  pm  or  so,  IR  C02  lasers  are  used,  while  for  smaller  micro-vias,  frequency  tripled  or  quadrupled  solid-state  Nd 
lasers  have  proven  beneficial.  The  most  common  vias  today  are  “blind”  (as  opposed  to  through-hole)  vias  which 
terminate  on  an  exposed  metal  layer.3  These  serve  as  a  means  to  connect  the  outer  metal  layer  of  a  circuit  to  the 
underlying  inner  layer.  Laser  drilling  is  commonly  used  for  high  density  via  applications  on  printed  circuit  boards, 
such  as  exist  in  cellular  telephones,  small  video  cameras,  hand-held  computers,  and  a  host  of  other  portable  products. 

As  previously  discussed,  via  drilling  is  a  “success”  application  in  packaging  electronics  due  to  its  speed ,  simplicity,  and 
high  quality.  As  such,  many  manufacturers  and  companies  have  gone  over  to  this  mode  of  fabrication.  This  is 
particularly  true  for  vias  less  than  100  pm  in  diameter  -  a  regime  where  there  are  few,  if  any,  competing  technologies. 

The  laser  nicely  fills  a  manufacturing  niche  in  this  case. 

2.2  Laser  etching  and  patterning 

An  intriguing  application  is  the  creation  of  electrical  circuitry  by  subtractive  etching  or  ablation  of  a  metal  layer.  By  any 
number  of  techniques,  mask  image  projection  for  example,  a  laser  beam  can  be  patterned  and  used  to  irradiate  a  metal 
surface.  Depending  upon  the  laser  and  wavelength  used,  patterned  metal  “lines”  (circuit  wiring)  on  the  order  of  a  micron 
can  be  created.  The  removal  process  is  typically  subtractive  etching  where  a  gaseous  “developer”  is  used  in  conjunction 
with  the  laser  irradiation  to  form  the  pattern.  As  an  example,  micro-scale  patterning  of  copper  lines  using  a 
chlorine-based  developing  gas  has  been  demonstrated.4 

From  an  industrial  viewpoint,  this  procedure  possesses  several  problems  which  has  inhibited  its  widespread  use.  Since 
toxic  gases  are  often  involved,  a  means  to  contain  and  eliminate  the  used  gas  must  be  provided.  This  involves  costly 
vacuum  equipment  and  scrubbing  devices.  Further,  due  to  MTF  considerations,  it  is  difficult,  if  not  impossible,  to 
reproduce  the  mask  pattern  with  very  high  fidelity  during  laser  irradiation  of  the  metal.  As  a  result,  metal  lines  created 
may  take  on  a  rounded  aspect  that  may  lead  to  imprecision  and  electrical  shorting.  This  is  particularly  true  in  the  case  of 
laser  ablation  without  etchant  gases.  Lastly,  metal  corrosion  due  to  residual  contamination  of  the  etching  gas  may  lead  to 
premature  failure  of  the  device.  For  these  reasons,  laser  patterning  of  electrical  circuitry  remains  more  a  laboratory 
interest  than  an  industrial  process. 

2.3  Insulation  stripping 

Compared  to  mechanical,  thermal,  electric,  or  chemical  means  of  removing  plastic  insulation,  laser  removal  offers 
precision  and  speed  without  the  necessity  of  contacting  the  underlying  wire  or  optical  fiber.  This  technique  has  been 
used  for  years  in  the  electronic  industry,  and  has  only  recently  been  applied  to  optical  fiber  stripping.  The  use  of  10.6 
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Jim  wavelength  C02  laser  radiation  for  insulation  stripping  has,  and  continues  to  be,  frequently  used  for  applications  that 
do  not  demand  high  precision  or  for  which  the  underlying  substrate  is  not  particularly  sensitive.  The  relatively  long  pulse 
duration  and  weak  absorptivity  in  many  plastic  insulators  results  in  rather  poor  stripping  characteristics.  In  contrast,  UV 
laser  stripping  is  necessitated  for  accurate  and  high  precision  use  in  microelectronics  and  photonics.  The  strong  UV 
absorption  of  most  polymers  permits  layer-by-layer  removal,  while  the  short  duration  minimizes  heat  flow. 

Laser  stripping  has  been  used  in  microelectronics  to  selectively  remove  insulation  in  regions  in  which  circuit  taps  or  wire 
bonding  are  to  occur.  The  smaller  the  circuitry,  the  higher  quality  of  laser  insulation  “cut”  that  is  needed  in  order  to 
precisely  locate  the  bond  region.  More  lately,  use  of  UV  stripping  for  optical  fibers  has  grown.5  In  this  application,  the 
polymer  insulation  is  stripped  off  the  optical  fiber,  exposing  the  glass  cladding  for  further  processing.  Optical  fiber 
stripping  has  been  used,  for  example,  in  hermetic  sealing,  strain  relief  in  fiber  packages,  UV  generation  of  fiber  Bragg 
gratings,  and  in  the  “pigtailing”  or  coupling  of  laser  diodes.  Further,  this  process  is  easily  amenable  to  the  automation 
necessary  for  widespread  use. 


2.4  Laser  scribing 

Laser  scribing  of  substrates  used  in  microelectronic  packaging  applications  has  become  fairly  routine.  Scribing  of 
ceramic  substrates  such  as  alumina  or  aluminum  nitride  involves  drilling  a  series  of  blind  holes  in  sequential  proximity  to 
each  other.  The  substrate  can  then  be  easily  separated  into  smaller  pieces  by  mechanically  forcing  or  snapping  it  along 
the  line  defined  by  the  laser  holes.  Typically  the  laser  of  choice  for  ceramic  scribing  operations  is  the  pulsed  C02  laser  of 
several  hundred  watts  average  power  operating  with  rise  and  fall  times  of  tens  of  microseconds.  The  high  power,  short 
pulse  nature  of  the  radiation  permits  rapid  and  precise  ablation  of  ceramic.  The  spacing  of  the  holes  and  their  depth 
prove  to  be  two  important  parameters  for  high  quality  scribing.  Experiments  have  demonstrated  that  hole  depths  of 
approximately  30-40%  of  the  substrate  thickness  achieve  the  minimum  fracture  force  required  to  cleanly  break  the 
substrate.  Depending  on  laser  wavelength  and  optical  considerations,  hole  spacing  may  vary  from  a  center-to-center 
pitch  of  2-4  hole  diameters. 

Because  of  the  relative  simplicity  of  the  scribing  process,  several  manufacturers  have  incorporated  such  laser  systems 
into  their  production  line.  This  process  has  become  cost-effective  for  several  reasons:  an  efficient,  high  quality  laser  can 
be  utilized,  the  processing  is  rapid  and  can  be  done  in  ambient  air,  the  system  can  be  automated,  and  there  is  minimal 
down  time  for  maintenance  and  repair.  Overall,  laser  scribing,  similar  to  its  cousin  laser  cutting,  has  established  itself  as 
a  prominent  application  of  laser  processing. 


2.5  Laser  bonding  and  welding 

Laser  bonding,  welding,  and  soldering  is  used  extensively  in  the  microelectronics  packaging  industry  for  both  component 
assembly  and  final  case  sealing.  Tape  automated  bonding  (TAB)  has  been  in  use  for  several  decades  to  connect  TAB 
leads  to  silicon  dies.  Historically,  TAB  has  relied  on  a  thermo-compression  technique  involving  relatively  large  area 
heating  and  pressure.  This  approach  has  proven  problematic  due  to  the  high  temperatures  and  pressures  -  particularly  as 
component  dimensions  have  shrunk.  Laser  bonding  for  TAB  relies  on  focused,  local  heating  only  to  accomplish  the 
bond.7  Laser  radiation  is  applied  in  intense  msec-duration  pulses  to  melt  and  reflow  the  tin-coated  tape  as  it  contacts  a 
copper/gold  “bump”  on  the  die.  This  results  in  a  strong  bond  since  tin  forms  stable  alloys  with  both  copper  and  gold. 
Similar  to  laser  TAB,  laser  reflow  soldering  is  growing  in  importance  as  device  sizes  diminish.  The  fine  focus 
characteristics  of  laser  radiation  permit  precisely  located  melting  and  reflow  of  solder  material  (typically  tin-lead  alloys) 
between  the  regions  to  be  bonded.  Laser  micro-welding  is  a  direct  joining  of  surfaces  by  precise  heating,  and  is  often 
used  in  the  industry  for  making  glass-to-metal  seals,  and  enclosing  of  sensitive  electronic  components. 

In  a  similar  vein  to  laser  scribing,  laser  bonding  operations  have  succeeded  in  industry  because  of  the  relative  speed  and 
simplicity  of  the  process.  Because  lasers  can  provide  precise  deposition  of  heat  for  controlled  periods,  it  has  proved 
suitable  for  bonding  processes  in  microelectronics.  This  type  of  laser  process  can  only  be  expected  to  grow  as  electronic 
devices  become  more  complex  and  intricate. 
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2.6  Laser  repair 

The  use  of  lasers  to  repair  electronic  components  and  circuitry  has  become  an  important  operation.8  This  is  particularly 
true  in  microelectronics  where  the  device  size  now  limits  the  use  of  conventional  circuit  repair  techniques.  Once  a  circuit 
defect  has  been  identified  as  an  “open”  (lack  of  conductivity)  or  “short”  (conductivity  existing  where  it  should  not),  an 
appropriate  laser  repair  scheme  can  be  utilized.  For  repair  of  shorts,  precisely  located  ablation  pulses  are  used  to  remove 
the  shorting  material  and  thus  create  a  gap  in  the  undesirable  conducting  line.  In  the  case  of  opens,  at  least  two 
technologies  are  available.  The  first  is  laser  chemical  vapor  deposition  (LCVD)  which  utilizes  finely  focused  laser  light 
to  deposit  gold  or  copper  films  from  both  gas-phase  and  condensed  phase  precurors.  The  second  process,  known  as 
laser  make-link,  has  been  developed  in  the  last  few  years.9  This  method  for  open  repair  works  on  the  principle  that  two 
metal  lines  in  proximity  can  be  joined  by  use  of  a  Q-switched  pulse  which  irradiates  the  small  region  between  them. 
During  the  nsec  laser  shock,  the  relatively  brittle  dielectric  between  the  lines  fractures  and  permits  the  thermally 
expanding  metal  edges  to  reflow,  contact,  and  join.  This  process  works  for  metal  fines  on  the  same  level  of  metallization 
in  a  package  structure,  or  between  two  levels  of  metal. 

Given  the  custom  and  specific  nature  of  this  process,  laser  repair  is  clearly  not  a  high  volume  application.  Nevertheless, 
cost-benefit  analysis  can  still  be  applied  to  its  use,  especially  given  the  paucity  of  other  repair  methods.  Laser  repair  has 
found  a  useful  niche  in  the  microelectronics  industry  since  it  provides  a  clear  and  useful  advantage. 


3.  WHAT  MAKES  AN  INDUSTRIALLY  USEFUL  LASER  PROCESS  ? 

To  conclude  this  paper,  a  few  comments  are  in  order  concerning  the  attributes  possessed  by  industrially  successful  laser 

processing  methods.  Regardless  of  the  process,  there  appear  to  be  at  least  five  qualities  that  any  laser  process  for 

manufacturing  should  possess: 

1 .  Utility  -  the  laser  process  must  provide  a  clear  solution  to  a  manufacturing  problem  that  is  not  achievable  by  more 
conventional  techniques.  Often,  the  laser  is  considered  for  use  because  it  represents  a  high-tech  solution  to  a 
problem,  when  in  fact  a  more  sober  analysis  may  indicate  a  non-laser  method  to  provide  nearly  the  same  benefit  at  a 
reduced  level  of  cost  and  complexity. 

2.  Cost-effectiveness  -  even  if  a  laser  method  provides  a  unique  and  advantageous  manufacturing  solution,  it  must  do 
so  without  adding  significant  financial  pressure  to  the  cost  budget.  A  laser  process  that  is  a  little  more  expensive  than 
a  conventional  technique,  yet  provides  a  huge  improvement  or  advantage,  will  often  become  the  industrial  process  of 
choice. 

3.  Simplicity  -  this  point  cannot  be  emphasized  enough.  To  be  successful,  a  laser  process  must  operate  simply  and 
with  a  minimum  of  human  interaction.  If  two  or  three  Ph.D.  scientists  need  to  be  hovering  over  the  top  of  a  laser 
processing  setup  in  order  for  it  to  work  properly,  this  is  prescription  for  failure.  If  the  process  cannot  be  simply 
operated  by  someone  of  minimal  intelligence,  the  process  engineering  needs  to  be  rethought  and/or  redone. 

4.  Timing  -  in  order  for  a  process  to  move  into  manufacturing,  it  must  be  available  at  the  right  time.  Once  the 
manufacturing  design  and  assembly  line  is  locked-in,  few  if  any  changes  can  be  made.  A  good  analogy  is  to  view  the 
manufacturing  acceptance  time  as  a  window  that  is  open  for  only  short  periods.  The  successful  laser  process  will  be 
timed  to  go  through  the  window  when  it  is  open. 

5 .  Extendibility  -  not  only  must  the  laser  process  do  the  job  it  was  designed  for  now,  but  it  should  also  have  utility  for 
future  requirements.  It  thus  becomes  part  of  the  future  planning,  and  ensures  its  survival.  Those  techniques  which 
don’t  hold  much  promise  for  extendibility  of  often  not  incorporated  into  manufacturing  schemes. 


REFERENCES 

1 .  J.  Lankard  and  G.  Wolbold,  “Excimer  laser  ablation  of  polyimide  in  a  manufacturing  facility,”  Appl.  Phys.  A,  54,  p. 
355, 1992. 


Proc.  SPIE  Vol.  4637 


477 


2.  J.  Brannon  and  T.  Wassick,  “Excimer  laser  ablation  of  polyimide:  a  14-year  IBM  perspective,”  Proc.  SPIE,  2991,  p. 
301, 1997. 

3.  D.  Moser,  “Lasers  tool  up  for  via  formation,”  Laser  Focus,  37(6),  p.  213,  June  2001. 

4.  J.  Brannon,  “Micropatteming  of  surfaces  by  excimer  laser  projection,”  J.  Vac.  Sci.  Technol.  B7(5),  p.  1064, 1989. 

5.  G.  Ogura,  “Laser  stripping  of  optical  fibers  opens  up  new  applications,”  Laser  Focus,  37(6),  p.  169,  June  2001. 

6.  W.  H.  Shiner  and  S.  R.  Maynard,  “Cutting  and  scribing  of  substrates,”  in  UA  Handbook  of  Laser  Material 
Processing  (J.  F.  Ready,  ed.),  Chap.  26.2,  Laser  Institute  of  America,  Magnolia  Publishing,  Inc.,  Orlando,  2001. 

7.  J.  Hayward,  “Laser  Tape  Automated  Bonding,”  in  UA  Handbook  of  Laser  Material  Processin  g  (J.  F.  Ready,  ed.). 
Chap.  25.2.1,  Laser  Institute  of  America,  Magnolia  Publishing,  Inc.,  Orlando,  2001. 

8.  T.  Wassick,  Proceedings  of  the  42nd  Electronic  Component  Conference,  p.  759,  1992. 

9.  J.  Bernstein,  W.  Zhang,  and  C.  Nicholas,  “Laser  formed  metallic  connections,”  IEEE  Trans.  Comp.  Pack.  Mfg. 
Tech.,  Part  B,  21(2),  p.  194, 1998. 


jbrannon@us.ibm.com;  phone  408-256-4565;  fax  408-256-2410;  IBM  Storage  Technology  Division,  5600  Cottle  Rd„ 
San  Jose,  CA  95193. 


478 


Proc.  SPIE  Vol.  4637 


Invited  Paper 


Water-jet  guided  laser:  possibilities  and  potential  for  singulation  of 

electronic  packages 

Frank  R.  Wagner*3,  Akos  Spiegel* *b,  Nandor  Vago**b,  Bemold  Richerzhagen a 
aSynova  Inc;  hDept.  of  Atomic  Physics,  Budapest  Univ.  of  Techn.  and  Economics 

ABSTRACT 

Singulation  of  packages  is  an  important  step  in  the  manufacturing  of  IC  devices.  Presently,  the  most  widely  used 
technique  is  abrasive  sawing.  Due  to  the  combination  of  different  materials  used  in  packages  such  as  copper  and  mold 
compound,  the  saw  rapidly  blunts  and  also  conventional  laser  cutting  is  no  alternative. 

Since  3  years,  a  new  process  is  available  for  high  precision  material  processing:  the  water-jet  guided  laser.  This  process 
combines  the  advantages  of  cold  cutting  by  a  water-jet  with  the  high  precision  and  speed  of  a  laser  cut  and  is  now 
applied  into  electronic  package  singulation. 

We  show  that  complete  mold  compound  removal  inbetween  the  copper  contacts  in  a  first  step  is  important.  The 
following  step  of  copper  cutting  is  usually  the  speed-determining  step  of  the  singulation  process.  The  mold  compound 
can  be  ablated  due  to  the  reflected  or  diffused  light.  Thus  care  has  to  been  taken  in  order  not  to  alter  too  much  the  good 
mold  compound  edge  quality  during  the  copper  cutting  step.  Flipping  the  sample  between  the  two  steps,  and  using 
different  nozzle  sizes  for  mold  compound  and  copper  cutting,  give  the  best  results.  In  all  cases  however,  the  copper  cut 
is  wear  free  and  without  burrs,  which  is  an  important  advantage  compared  to  mechanical  sawing. 

Typical  cutting  speeds  for  different  copper  thicknesses  will  be  given  and  the  possibilities  for  further  speed 
enhancements  will  be  briefly  discussed. 

Keywords:  Laser  cutting,  electronic  packages,  copper,  mold  compound,  532nm,  CSP,  QFN,  MLF. 

1.  INTRODUCTION 

Electronic  packages  are  generally  made  out  of  two  compounds.  Initially,  you  have  the  substrate  that  will  be  soldered  to 
the  final  circuit  board.  This  is  usually  a  copper  lead  frame  or  a  thin  glass  fiber  enhanced  polymer  circuit  board  with 
solder-balls.  Secondly,  there  is  the  mold  compound  that  protects  the  chip  itself  and  the  connections  of  the  chip  with  the 
substrate.  This  material  is  normally  a  brittle,  black  polymer  (Bakelite)  with  different  filler  materials.  These  electronic 
packages  are  produced  in  ever  increasing  number  by  numerous  manufacturers  and  are  referred  to  by  different 
abbreviations.  The  most  general  designation  is  CSP  (Chip  Scale  Package),  which  comprises  the  various  types  like  such 
as  BGA,  QFN,  and  MLF1.  Hereafter,  we’ll  refer  to  them  simply  as  “electronic  packages”. 

Economic,  high  quality  singulation  of  these  packages  is  especially  difficult  in  the  case  of  the  copper  &  mold  compound 
version.  This  type  of  package  is  often  produced  using  a  Matrix-Array  Process,  enhancing  productivity  roughly  by  a 
factor  of  31.  If  the  packages  are  produced  in  this  manner,  both  materials  mold  compound  and  copper  must  be  cut  during 
the  singulation  process.  Generally,  the  reasons  for  the  most  important  problems  arising  in  package  singulation  are  the 
very  different  mechanical,  thermal,  optical  and  electrical  properties  of  the  materials  involved.  Nevertheless,  the  precise, 
burr  free  singulation  of  copper  only,  in  the  case  of  separately  molded  packages,  is  still  a  topic. 

Today,  mechanical  sawing  is  primarily  used  to  singulate  these  packages.  The  main  problem  with  this  method  is  the 
inherent  softness  of  the  copper,  leading  to  important  burr  formation  and  rapid  wear  of  the  sawing  blade  due  to  smearing. 
The  burr  formation  is  a  considerable  disadvantage,  because  of  too  big  of  burrs,  making  it  impossible  to  solder  the 
package  properly  to  the  final  circuit  board.  Another  approach  for  package  singulation  is  conventional  laser  cutting,  but 
it  leads  to  poor  cut  quality,  as  the  thermal  and  optical  properties  of  the  used  materials  are  very  different. 

Therefore,  we  propose  an  alternative,  which  is  based  on  the  process  of  the  water-jet  guided  laser  cutting2:  With  this 
unique  laser  cutting  method  a  free,  laminar  water-jet  is  used  as  an  optical  wave  guide  in  order  to  guide  a  high  power 
laser  onto  the  sample.  The  main  advantages  of  this  method  compared  to  conventional  laser  cutting  are:  (i)  parallel 
sidewalls  (even  in  thick  mold  compound  layers),  (ii)  low  thermal  load  of  the  sample  due  to  the  cooling  of  the  sample 
between  the  laser  pulses  exactly  at  the  place  where  it  was  heated  before,  and  (iii)  an  efficient  expulsion  of  the  melted 
copper  due  to  the  high  momentum  of  the  water-jet.  Compared  to  sawing,  burr  free  cuts  of  copper  can  be  achieved  and 
the  mechanical  force  on  the  sample  is  much  lower. 
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We  tested  several  processing  possibilities  concerning  quality  and  speed  of  the  cut.  Further  on,  we'll  give  projections  on 
achievable  cutting  speeds  with  different  equipments. 

2.  EXPERIMENTAL  DETAILS 

The  schematic  of  the  setup  is  shown  in  Fig  1.  The  used  lasers  are  multimode  q-switched  frequency-doubled  Nd:YAG 
lasers  (Corona,  Coherent  Inc.  (US)).  We  use  pure  de-ionized  and  filtered  water  at  50  to  500  bars.  The  nozzles  are  made 
out  of  sapphire  or  diamond  in  order  to  generate  a  long  stable  water-jet.  The  laser  beam  is  focused  through  a  quartz 
window  into  the  nozzle,  very  much  like  a  usual  fiber  coupling  and  is  thereafter  reflected  in  the  water-jet  at  the  air-water 
interface  due  to  the  index  step  (Fig  2). 


Figure  1:  Schematic  of  the  water-jet  guided  laser  Figure  2:  Detailed  sketch  of  the  coupling  unit 

setup 


The  samples  were  clamped  onto  an  x-y-z  stage,  and  during  the  cutting  process  the  samples  were  moved  under  the 
water-jet  guided  laser  beam  (laser-water-jet).  The  z-variation  of  the  stage  is  only  necessary  in  order  to  adapt  to  the 
different  working  distances  of  differently  sized  nozzles  at  different  water  pressures3  and  is  not  used  during  the  cutting 
procedure. 


3.  RESULTS  AND  DISCUSSION 

In  a  first  step,  optimum  laser  parameters  for  mold  compound  cutting  and  copper  cutting  were  determined  independently 
(Table  1).  These  parameters  allow  high  cutting  speeds  with  good  edge  quality.  The  absolute  values  of  the  cutting  speeds 
naturally  depend  on  the  thicknesses  of  the  materials.  Examples  of  cutting  speeds  will  be  given  in  section  3.3.  The 
dependency  of  cutting  speed  versus  material  thickness  is  exponential  in  the  case  of  copper  (Fig  1 1). 


Material 

k/nm 

v/kHz 

t  /  ns 

^oulse  / 

Pav/W 

532 

29-42 

45-60 

300- 

360 

0.4  -  0.9 

25-38 

80,  100 

532 

310 

30 

230 

1.7 

52 

60 

Table  1:  Optimal  processing  parameters  for  copper  and  mold  compound  as  determined  in  separate  measurements, 
(k:  wavelength,  1^*:  peak  intensity,  v:  pulse  repetition  rate,  t:  Full  Width  at  Half  Maximum  (FWHM)  pulse  length, 
Epube:  energy  per  pulse,  Pav:  average  laser  power,  DnozzV.:  diameters  of  water-jet  nozzles) 


It  is  clear  from  the  parameters  given  in  Table  1,  that  mold  compound  and  copper  cannot  be  cut  simultaneously  in  one 
step.  Because  of  the  reasons  given  in  Section  3. 1 ,  the  mold  compound  needs  to  be  removed  first.  The  copper  lead  frame 
is  then  cut  in  a  second  step. 

The  different  cutting  procedures  and  the  resulting  cut  qualities  as  well  as  the  resulting  cutting  speeds  will  be  discussed 
in  the  following  according  to  the  definitions  given  in  Fig.  3. 
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mold  compound 


package  top 


Figure  3:  Schematic  cross  section  of  a  typical  cutting  track  upon  electronic  package  singulation.  The  definitions 
will  be  used  for  the  descriptions  of  the  different  cutting  procedures. 

In  all  cutting  procedures,  the  mold  compound  was  cut  from  the  top.  However,  we  tried  mold  compound  cutting  from 
level  2  down  to  level  1  only,  and  “complete”  removal  of  the  mold  compound  (level  2  down  to  level  0).  For  this  first  step 
we  used  water-jet  nozzles  with  diameters  of  80  microns  and  100  microns.  In  a  second  step,  the  copper  cutting  was 
performed,  sometimes  from  the  top  and  sometimes  from  the  bottom  of  the  package.  The  nozzle  sizes  used  for  this  step 
were  60  microns  or  80  microns  nozzle  diameter. 

3.1.  Copper  cutting  speed  and  quality  optimization 

The  quality  of  the  copper  cutting  is  always  very  good  compared  to  mechanical  sawing.  The  burr  formation  is  practically 
absent  at  high  water  pressures,  and  the  cuts  are  slightly  tapered.  Fig.  4  shows  a  side  view  of  a  package  based  on  an 
etched  copper  lead  frame  that  was  singulated  with  the  water-jet  guided  laser.  Burr  formation  is  so  small  that  we  can 
even  see  the  typical  cross  section  generated  by  the  etching  process. 


Figure  4:  Side  view  of  a  singulated  QFN.  Due  to  the  burr  free  cut,  the  typical  cross  section  of  the  etched  holes 

in  the  lead  frame  can  be  recognized. 


The  problem  during  the  copper  cutting  step  is  much  more  speed  optimization  than  quality  optimization,  especially  when 
considering  that  all  other  steps  are  faster.  One  of  the  major  findings  in  our  work  is  that  the  copper  cutting  speed  depends 
strongly  on  the  presence  of  well  adhering,  mold  compound  residues  between  the  copper  contacts. 

The  speed  of  the  mold  compound  cutting  step  is  obviously  higher  if  we  cut  only  until  level  1  (Fig.  3),  but  this  causes  an 
important  disadvantage  in  the  copper  cutting  step:  the  possible  copper  cutting  speed  is  approximately  divided  by  two  if 
the  remaining  mold  compound  between  the  copper  contacts  adheres  well  (speed  example,  see  section  3.3).  Badly 
adhering  mold  compound  residues  between  the  copper  contacts  do  not  lower  the  cutting  speed. 

A  possible  explanation  for  this  behavior  is  illustrated  in  Fig  5.  The  high  peak  intensities,  which  are  used  for  copper 
cutting  (Table  1),  generate  a  strong  explosion  when  the  light  is  absorbed  in  the  mold  compound  residues.  If  less  mold 
compound  is  left  between  the  copper  contacts,  the  explosion  will  be  smaller.  But  the  energy  of  the  explosion  is  only  of 
minor  importance.  More  important  is  the  expansion  direction  of  the  resulting  pressure  wave:  If  well  adhering  mold 
compound  is  between  the  copper  contacts,  the  explosion  can  only  expand  towards  the  top  of  the  package,  i.e.  towards 
the  incident  water-jet,  which  will  be  disturbed  (Fig.  5  left).  When  the  water-jet  is  disturbed,  it  will  take  a  little  time  for  it 
so  settle  down  again  and  all  light  emitted  during  this  time  by  the  laser  is  lost  for  the  cutting  process  as  it  is  not  guided 
properly  to  the  sample. 
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On  the  contrary,  if  the  mold  compound  residues  are  only  badly  adhering,  or  the  holes  between  the  copper  contacts  are 
already  opened  by  the  first  machining  step,  the  energy  of  the  explosion  mostly  expands  downwards  due  to  the  pressure 
of  the  water-jet  (Fig.  5  right). 

With  remaining  mold  compound  small  water  pressure  leads  to  higher  cutting  speed,  because  the  water  jet  is  more  stable 
at  smaller  water  pressures  (90  bars).  In  the  case  of  the  completely  removed  mold  compound,  the  optimal  water  pressure 
is  higher,  because  at  higher  pressures  the  expulsion  of  the  molten  copper  out  of  the  kerf  is  more  efficient  (250  bars). 


The  regular  interruptions  of  the  copper  substrate  itself  do  not  destabilize  the  water-jet.  Due  to  the  small  width  of  the 
copper  contacts;  they  can  even  be  cut  at  slightly  higher  speeds  than  a  normal  copper  foil.  Fig.  6  shows  schematically  the 
situation  of  a  cut,  which  was  performed  at  a  too  high  translation  speed.  The  sample  is  only  cut  through  at  the  very 
border.  Thereafter  the  melted  front  approaches  its  equilibrium  angle,  and  the  sample  is  cut  only  partially.  The  cut  part  at 
the  border  of  the  sample  lengthens  as  a  lower  translation  speed  of  the  laser  is  chosen.  In  the  case  of  a  multi-pass  cut  of  a 
thin  copper  contact;  the  small  cut  parts  join  each  other  from  both  sides  at  a  translation  speed  that  is  still  higher  than  the 
equilibrium  cutting  speed  of  a  foil  of  the  same  thickness. 


3.2.  Mold  compound  cutting  speed  and  quality 

The  mold  compound  can  be  cut  much  faster  than  the  copper  lead  frame  (speed  example,  see  section  3.3).  The  edge 
quality  after  mold  compound  cutting  only  is  also  good  (Fig  7  left).  The  problem  is  that  the  diffused  light  generated 
during  the  copper  cutting  step  alters  this  good  edge  quality  (Fig  7  right). 
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bottom  side  with  the  same  nozzle,  i.e.  following  procedure  B  (Fig.  8)  (right  side). 


The  aim  of  the  optimization  of  the  cutting  procedure  is  thus  to  minimize  this  alterations.  For  this  purpose,  we  tried  the 
cutting  procedures  that  are  schematically  depicted  in  Fig  8. 


Figure  8:  schematic  representation  of  the  different  cutting  procedures,  which  were  tried  in  order  to  decrease  the 
alterations  of  the  mold  compound  cutting  quality  due  to  diffuse  light  during  the  copper  cutting  step. . 


As  a  result  we  can  classify  the  alterations  of  the  mold  compound  cut  quality  as  follows:  When  cutting  the  copper  from 
the  bottom  (Fig  8  B  &  D);  the  water  jet  is  disturbed  at  the  lead  frame  and  diffused  light  at  still  very  high  intensity  shines 
onto  the  borders  of  the  mold  compound,  thus  ablating  the  mold  compound  on  the  edges  leading  to  an  enlargement  of  the 
cutting  kerf  and  bad  edge  quality  (Fig  7  right) 

If  the  copper  is  cut  from  the  top  (Fig  8  A  &  C);  diffuse  light  is  generated  by  reflection  on  the  copper.  This  causes  the 
mold  compound  to  be  ablated  just  above  the  lead  frame,  resulting  in  an  undercut  (Fig.  9  left).  Both  types  of  alterations 
can  be  decreased  if  the  mold  is  cut  with  a  bigger  nozzle  than  used  for  the  copper  cutting  (Fig  8  B  &  D,  Fig  9  right). 


Figure  9:  Side  view  of  a  cut  in  the  mold  compound  with  strong  undercut  (left),  and  side  view  of  an  edge  after  the  optimized 
cutting  procedure  depicted  in  Fig  8  D.  This  means  using  different  nozzle  sizes  for  mold  compound  and  copper,  and  cutting  the 
copper  from  the  bottom  (right). 

Another  defect,  which  is  caused  by  the  same  physical  process  of  ablation  of  the  mold  compound  by  reflected  light,  is 
the  retraction  of  the  mold  compound  from  the  edge  of  the  copper  contacts.  Fig.  10  shows  a  typical  backside  view  on  the 
left  side.  The  picture  on  the  right  side  of  Fig  10  confirms  that  the  retraction  is  caused  by  ablation  due  to  reflected  light. 
The  defect  occurs  only  in  the  vicinity  of  the  contacts  and  it  is  stronger  when  the  jet  slides  onto  the  copper  contact  than 
when  it  leaves  the  copper  contact. 
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Figure  10:  Typical  backside  view  of  a  singulated  copper  based  chip  scale  package  (left),  backside  view 
of  a  sample  where  the  mold  compound  was  partially  removed  from  cutting  from  the  bottom  (right). 

This  defect  can  only  be  decreased  if  careful  precutting  of  the  mold  compound  is  done.  Usually  the  mold  compound 
retraction  is  between  50  microns  and  100  microns,  always  depending  on  the  particular  type  of  mold  compound. 

3.3.  The  best  cutting  procedure  with  the  present  equipment 

The  most  successful  strategy  for  singulating  electronic  packages  with  the  water-jet  guided  laser  is  depicted  in  Fig  8  D. 
Firstly,  the  mold  compound  is  cut  from  the  top  with  a  100-micron  nozzle,  applying  the  parameters  of  Table  1.  For  a 
typical  package  thickness  of  900  microns,  a  cutting  speed  of  vm  =  20  mm/s  could  be  achieved  in  this  first  step.  The 
copper  lead  frame  should  then  be  cut  from  the  bottom  using  a  60-micron  nozzle  in  order  not  to  alter  the  mold  compound 
quality  significantly.  The  resulting  cutting  speed  in  this  second  step  depends  greatly  on  the  thickness  of  the  copper  lead 
frame.  Approximate  values  of  the  copper  cutting  speed,  v0  are  given  in  Fig  1 1 .  The  exact  values  depend  on  the  surface 
finish  of  the  lead  frame  and  eventually  applied  platings. 


Figure  11:  Approximate  values  for  copper  cutting  speeds  using  the  parameters  presented  in  Table  1. 

The  resulting,  total,  cutting  speed,  v,  of  the  package  is  then  given  by:  v  =  (l/vm  +  l/vc)  '.  For  example  a  900-micron 
thick  package  with  a  200-micron  thick  copper  lead  frame  is  thus  singulated  burr  free  with  a  cutting  speed  of  v  =  4  mm/s. 
A  top  view  of  the  final  result  is  shown  in  Fig.  9.  A  backside  view  is  given  in  Fig.  8  (left  side)  and  the  side  view  is 
depicted  in  Fig.  7  (right  side). 
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cutting  procedure  (left).  The  right  image  shows  the  edge  of  the  same  package  (repeated). 

The  use  of  different  nozzle  sizes  in  this  cutting  procedure  causes  only  a  very  slight  deviation  of  1.3°  from  the  usual  90° 
edge  angle  for  a  900-micron  thick  package. 

3.4.  Speed  projection  using  other  equipment 

The  above-described  procedure  was  until  now  tested  in  the  lab  only.  Industrial  implementation  needs  evidently  some 
handling  efforts  for  flipping  and  aligning  the  frames  between  the  two  cutting  steps.  These  technical  problems  however 
can  properly  be  solved  using  modem  inline  equipment. 

Another  question  to  ask  is  whether  the  expensive  532  nm-photons  should  be  used  for  the  mold  compound  cutting, 
which  can  be  easily  performed  by  infrared  light  too.  Using  the  normal  Nd:YAG  laser  based  version  of  the  water-jet 
guided  laser  the  mold  compound  can  be  cut  much  faster  and  with  the  same  quality.  The  enhancement  of  the  copper 
cutting  speed  is  much  more  critical  for  a  successful  industrial  application  of  electronic  package  singulation  by  the 
water-jet  guided  laser  technique  and  will  be  discussed  now. 

The  two  principal  strategies  for  faster  copper  cutting  are  increasing  the  average  laser  power  and  decreasing  the  lead 
frame  thickness. 

Increasing  the  laser  power  is  undoubtedly  possible  and  recent  developments  in  the  industrial  laser  market  (Quantronics, 
Coherent,  Lee  Laser)  are  very  positive  in  this  means.  Due  to  the  highly  polarized  nature  of  the  frequency  doubled  laser 
light  a  doubling  of  the  laser  power  is  easily  possible  by  combining  two  lasers  with  crossed  polarizations.  As  long  as  the 
peak  power  of  the  pulses  stays  constant  and  the  pulses  of  the  two  lasers  are  alternated;  we  expect  a  linear  relationship 
between  average  laser  power  and  copper  cutting  speed.  In  other  words,  using  two  combined  lasers  would  double  the 
copper  cutting  speed.  Therefore  speeds  of  up  to  40  mm/s  are  feasible. 

Nevertheless,  the  more  cost  efficient  way  to  increase  the  copper  cutting  speed  is  to  decrease  the  copper  thickness  in  the 
cutting  track.  Already  the  majority  of  electronic  packages  is  based  on  200-micron  thick  copper  lead  frames,  which  is 
already  a  reasonable  thickness  for  laser  based  package  singulation.  Future  developments  tend  to  lean  towards  smaller 
packages,  based  on  thinner  substrates.  Independently  of  the  total  lead  frame  thickness,  the  copper  thickness  can  be 
decreased  in  the  cutting  tracks  of  etched  lead  frames  by  just  a  minor  design  modification.  This  modification  however 
would  lead  to  a  nearly  exponential  increase  of  the  copper  cutting  speed  as  illustrated  before  (Fig.  11). 

Furthermore,  both  approaches  of  decreasing  the  copper  thickness  in  the  streets  and  increasing  average  laser  power  can 
be  combined  for  a  higher  performing  singulation  of  electronic  packages. 

4.  CONCLUSIONS 

The  presented  method  of  electronic  package  singulation  by  the  water-jet  guided  laser  technique  results  in  superior  cut 
quality  compared  to  mechanical  sawing.  In  particular,  the  cuts  are  burr  free,  which  is  critical  for  the  soldering  process  of 
the  packages  on  the  final  electronic  board.  The  difficulties  arising  from  the  very  different  thermal  and  optical  properties 
of  the  used  materials  could  be  limited  using  an  adapted  cutting  procedure.  Due  to  the  cooling  of  the  sample  by  the 
water-jet,  the  technique  allows  for  high  quality  cuts  in  such  different  materials  as  mold  compound  and  copper.  In 
contrast  to  mechanical  sawing,  the  method  represents  a  wear-free  possibility  to  singulate  copper  based  electronic 
packages.  The  absence  of  wear  in  the  presented  singulation  method  is  on  of  the  most  important  cost-of-ownership 
arguments  for  the  realization  of  a  corresponding  production  machine.  The  transposition  of  these  results  into  a 
production  machine  is  easily  possible  because  of  the  already  existing  fully  automated  Laser-Dicing  System,  which  are 
based  on  the  water-jet  guided  laser  technique. 
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The  cutting  speeds  of  packages  that  are  based  on  thin  copper  substrates  (100  -  150  microns)  are  already  competitive 
today.  Further  speeds  enhancements  will  be  achieved  in  the  future  using  more  powerful  lasers  and  adapting  the  lead 
frame  design  to  the  singulation  technique. 


5.  SUMMARY 

In  summary,  we  present  a  new  solution  to  resolve  one  of  the  important  problems  related  to  electronic  packages:  the 
singulation  of  copper  lead  frame  based  molded  packages.  The  different  aspects  of  package  singulation  by  the  water-jet 
guided  laser  technique  were  discussed  in  detail. 

The  importance  of  complete  mold  compound  removal  in  between  the  copper  contacts  in  a  first  step  was  pointed  out. 
The  following  step  of  copper  cutting  is  usually  the  speed-determining  step  of  the  singulation  process.  The  mold 
compound  can  be  ablated  due  to  the  reflected  or  diffused  light.  Thus  care  has  to  been  taken  in  order  not  to  alter  too 
much  the  good  mold  compound  edge  quality  during  the  copper  cutting  step.  Flipping  the  sample  between  the  two  steps, 
and  using  different  nozzle  sizes  for  mold  compound  and  copper  cutting,  gave  the  best  results.  In  all  cases  however,  the 
copper  is  cut  without  burrs,  a  decisive  advantage  compared  to  mechanical  sawing. 

Typical  cutting  speeds  for  different  copper  thicknesses  were  given  and  the  possibilities  for  further  speed  enhancements 
were  briefly  discussed. 
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Laser  Joining  of  Glass  with  Silicon 
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ABSTRACT 

New  joining  techniques  are  required  for  the  variety  of  materials  used  in  the  manufacture  of  microsystems.  Lasers 
are  emerging  as  a  useful  tool  for  joining  miniaturized  devices.  The  beam  can  be  focused  to  less  than  .001”  allowing 
localized  joining  of  very  small  geometries.  There  is  minimal  heat  input  into  the  part  so  distortion  and  change  in 
material  properties  is  minimal.  The  high  quality  of  the  laser  welds  and  the  precise  process  control  enable  hermetic 
sealing. 

Glass  to  silicon  bonds  are  required  in  a  vast  array  of  opto-electronic  components,  including  laser  sources,  sensors, 
switches  and  multiplexers.  Typically,  adhesives  as  well  as  direct  and  anodic  bonding  techniques  are  used  to  join 
the  different  materials.  Adhesive  residues,  low  bond  strength,  heating  of  entire  parts  during  joining  and  poor  long¬ 
term  stability  are  disadvantages  of  these  conventional  techniques. 

Laser  bonding  is  a  promising  alternative  due  to  the  increased  bond  strength  and  high  repeatability.  Compact  and 
efficient  diode  lasers  equipped  with  fiber  beam  delivery  in  the  power  range  of  <50W  are  applied  to  the  sandwiched 
glass-silicon  structure.  During  bonding,  the  laser  beam  penetrates  the  upper  part  and  is  absorbed  at  the  surface  of 
the  bottom  part.  A  clean  environment  and  good  part  fit-up  is  required  to  ensure  proper  bonding,  high  bond  strength, 
and  hermetic  sealing.  The  process  eliminates  adhesives;  therefore  reducing  costs  due  to  shorter  cycle  times,  lower 
maintenance  and  less  inventory.  The  process  requires  no  handling  of  toxic  liquids  and  creates  no  fumes. 
Furthermore,  the  bonded  parts  are  free  of  any  residue  or  contamination,  reducing  scrap  rates. 

This  study  investigates  the  process  parameter  window  and  determines  the  impact  on  the  parts  and  the  stability  of  the 
process.  The  results  will  lead  to  the  development  of  several  applications  in  the  areas  of  telecommunications, 
biomedical  devices  and  MEMS.  This  includes  the  encapsulation  of  MEMS,  the  covering  of  sensors  and  the 
packaging  of  biomedical  products.  The  selectivity  of  the  process  will  be  demonstrated  on  flat  coupons. 


Keywords:  Selective  bonding,  Glass,  Silicon,  MEMS 


1.  Introduction 

Typically  methods  applied  in  wafer  bonding  are  anodic  bonding  and  room  temperature  bonding.  Anodic  bonding  is 
based  on  the  fact  that  alkali  ions  move  at  high  temperatures  from  one  wafer  to  another  facilitated  by  an  externally 
applied  electrostatic  field.  This  effect  combined  with  the  occurrence  of  Van  der  Waals  forces  results  in  a  very 
strong  connection  between  the  wafers.  However,  there  are  some  restrictions  to  this  method.  Anodic  bonding  takes 
place  at  elevated  temperatures  up  to  500°C  and  requires  an  extended  processing  time  of  several  minutes.  In 
addition,  the  process  cannot  be  applied  locally;  typically  the  entire  contact  surface  between  the  parts  is  being 
bonded.  Extremely  high  demands  on  cleanliness  and  flatness  must  be  fulfilled  to  bond  wafers  at  room  temperature 
by  stacking  them  and  applying  an  initial  clamping  force. 

Laser  supported  bonding  is  based  on  the  principle  of  adhesion  of  solids.  In  this  case,  the  heat  input  by  the  laser 
beam  initiates  the  bond.  In  principle,  this  method  can  be  selectively  applied  to  very  small  structures  with  a  laser 
beam.  The  minimum  size  of  the  bond  area  is  primarily  determined  by  the  spot  size  of  the  laser  beam.  This  paper 
includes  a  general  overview  on  the  possibilities  of  laser-supported  bonding  and  bonding  results  using  different  laser 
sources.  An  outlook  on  potential  industrial  applications  will  be  given. 


Photon  Processing  in  Microelectronics  and  Photonics,  Koji  Sugioka,  Malcolm  C.  Gower, 
Richard  F.  Haglund,  Jr.,  Alberto  Pique,  Frank  Trager,  Jan  J.  Dubowski,  Willem  Hoving,  Editors, 
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2.  Material 


The  requirements  on  both  parts  to  be  joined,  glass  and  silicon,  are  very  high.  As  known  from  anodic  bonding  in 
silicon  manufacturing,  the  surfaces  must  have  a  high  flatness,  parallelism  and  low  roughness  III.  The  material  must 
also  be  free  of  any  impurities.  The  physical  properties  of  the  materials  such  as  optical,  mechanical  and  thermal 
appearance  are  defined  in  the  following. 


2.1.  Characteristics 


2.1.1.  Geometrical  tolerances  and  surface  quality 


In  addition  to  the  surface  cleanliness  there  are  two  main  specifications  that  are  important  for  the 
mechanical  properties  in  wafer  bonding: 

•  Flatness 

•  Roughness 

The  surface  flatness  is  a  macroscopic  measure  of  the  deviation  of  the  wafer’s  front  surface  from  a 
specified  reference  plane,  assuming  that  the  backside  of  the  wafer  is  ideally  flat  111.  The  total 
thickness  variation  (TTV),  also  known  as  waviness,  is  commonly  used  to  specify  the  surface  flatness 
and  describes  the  difference  between  the  highest  and  the  lowest  elevation  of  the  top  surface  of  the 
wafer. 

During  the  bonding  process,  each  wafer  is  elastically  deformed  to  achieve  conformity  of  the  two 
surfaces  131.  Any  flatness  defects  of  the  glass  and  silicon  wafers  can  result  in  periodic  strain  patterns 
(contrast  fluctuations)  corresponding  to  typical  spatial  frequencies  of  a  bonded  pair  that  can  be 
detected  by  X-ray  topography.  Larger  areas  of  flatness  defects  may  result  in  a  reduced  bond  quality  or 
a  lack  of  bonding. 

The  silicon  wafer  material  that  was  used  is  a  standard  material  with  total  thickness  variation  of  less 
than  1pm.  For  the  glass  wafer,  a  similar  value  is  given  referred  to  as  the  peak  to  valley.  The  glass 
wafers  from  Schott  have  a  peak  to  valley  measurement  of  0.09mm. 

After  grinding  or  lapping,  wafers  are  mounted  on  a  flat  plate  by  vacuum  or  wax.  External  pressure  is 
applied  to  push  the  wafer  against  the  polishing  pad,  which  is  moved  across  the  wafer  surface. 

Polishing  slurty  of  a  colloidal  dispersion  of  silica  (Si02)  powder  in  an  aqueous  solution  of  potassium 
hydroxide  is  applied  onto  the  pad  to  perform  the  polishing  operation.  The  polishing  pad  materials  are 
usually  poromeric  artificial  fabrics  such  as  polyester  felt  or  polyurethane.  The  diameter  of  the  silica 
particles  used  is  in  the  range  of  40  to  1000  A,  typically  100  A  /4/.  The  pH- value  of  the  slurry  is  around 
10-1 1  and  the  concentration  of  silica  is  typically  3-4%  151. 

Today,  the  polishing  technology  in  wafer  processing  is  able  to  produce  silicon  wafers  with  a  roughness 
in  the  range  of  1  to  2  A.  Chemo-mechanical  polishing  produces  silicon  wafer  surfaces  that  exhibit 
sufficient  smoothness  and  are  free  of  haze  and  damage. 

For  the  silicon  wafers,  a  roughness  of  lOOnm  is  specified  by  the  customer.  The  glass  wafers  did  not 
require  special  polishing  because  the  surface  roughness  after  manufacturing  was  better  than  3nm. 
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2.1.2.  Optical  properties 


Figure  1 

Transmission 
spectrum  of 
Borofloat® 
glass  with 
different 
thicknesses/8/. 


Figure  2 

Transmission, 
Absorption  and 
Reflection  of 
1 00pm  thick 
silicon  /9/ 


The  laser-supported  bonding  is  based  on  the  principle  of  transmission  welding  with  laser  radiation, 
which  is  well  known  from  laser  welding  of  plastics  16,  7/.  This  principle  requires  that  one  of  the  parts 
to  be  joined  is  transparent  for  the  laser  radiation  and  the  other  material  is  able  to  absorb  the  laser 
energy.  The  transmission  spectrum  of  glass  (Borofloat®  33)  is  shown  in  Figure  1.  For  wavelengths 
between  300nm  and  2000nm  the  transmission  is  approximately  90%,  fulfilling  the  requirements  for 
transmission  welding. 


0  1000  2000  3000  4000  5000  6000 

Wavelength  [nm] 


Silicon  has  high  absorption  properties  for  wavelengths  up  to  900nm  [Figure  2];  at  longer  wavelengths 
the  absorption  decreases  rapidly  and  the  transmission  and  the  reflection  increase  accordingly.  Based 
on  these  characteristics,  laser  sources  with  a  wavelength  of  less  than  900nm  should  preferably  be 
applied  to  conduct  laser-supported  bonding.  High  power  diode  lasers  adequately  cover  this 
wavelength  range. 

After  heating  of  the  silicon,  the  absorption  at  higher  wavelengths  increases  rapidly  to  nearly  90%.  For 
this  reason,  the  Nd:YAG  laser  with  radiation  at  1.06pm  is  also  appropriate,  especially  considering  the 
better  beam  quality  and  the  smaller  spot  size. 
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2.1.3.  Thermal  properties 


Table  1 

Comparison  of 
different 
glasses  and 
silicon. /1 0,11/ 


Figure  3 

Thermal 
expansion  over 
temperature  of 
Pyrex®  glass  and 
silicon.  /1 2/ 


The  laser  beam  heats  both  materials  during  the  bonding  process.  A  close  match  of  the  thermal 
expansion  coefficient  of  both  materials  is  necessary  to  avoid  damage  during  processing  or  afterward 
during  the  cooling  phase.  Otherwise,  the  mechanical  stress  induced  during  the  heat  cycle  will  result  in 
cracks. 


Some  commercial  glass  materials  exhibit  a  thermal  expansion  coefficient  that  is  identical  or  veiy  close 
to  silicon.  Most  commonly  used  in  anodic  bonding  are  glasses  from  Schott  GmbH  (Borofloat®)  and 
Coming  (Pyrex®  7070,  7740).  Table  1  includes  a  brief  overview  on  the  material  specifications. 


Manufacturer 

Product  Name 

Working 

Point 

°C 

Softening 

Point 

°C 

Annealing 

Point 

°C 

Strain 

Point 

°C 

Thermal 

Expansion 

(*10'6*oC1) 

Schott 

Borofloat  33 

1280 

820 

560 

518 

3.25 

Coming 

Pyrex  7740 

1252 

821 

560 

510 

3.25 

Coming 

Pyrex  7070 

1068 

n/a 

496 

456 

3.20 

Melting 

Point 

°C 

Boiling 

Point 

°C 

Diverse 

Silicon 

1412 

3270 

2.6 

The  glass  material  must  have  a  temperature  above  the  softening  point  (approximately  820°C)  to  allow 
the  move  of  alkali  ions  into  the  glass.  During  processing,  the  temperature  at  the  interface  must  be  kept 
below  1400°C  to  avoid  melting  of  the  silicon.  Melting  of  silicon  would  destroy  the  single  crystal  and 
result  locally  in  a  polyciystalline  structure  that  exhibits  different  properties  than  the  original  structure. 
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3.  Processing 


3.1.  Sample  preparation 

Commercially  available  wafer  material  and  glass  samples  were  used  for  the  investigation  of  laser- 
supported  bonding.  The  materials  meet  the  requirements  for  flatness  and  surface  quality,  however 
special  treatments  are  necessary  to  remove  the  oxide  layer  from  the  silicon  and  to  achieve  the  needed 
cleanliness  of  the  sample.  The  surfaces  must  be  free  of  particulate,  organic,  and  metallic 
contamination  because  the  cleanliness  has  a  direct  effect  on  both  the  structural  and  optical  properties 
of  the  bonding  interface  as  well  as  on  the  resulting  electrical  properties  of  the  bonded  materials. 


3.1.1.  Surface  cleaning 


The  cleaning  techniques  applied  must  remove  all  contamination  from  the  surfaces  without  degrading 
surface  smoothness.  Similar  to  very  large  scale  integration  (VLSI)  device  fabrication,  a  silicon  surface 
with  a  high  degree  of  smoothness  and  flatness  is  also  a  key  concern  in  laser-supported  bonding.  A 
hydrogen-peroxide-based  (RCA)  wet  cleaning  solution  (see  Table  2)  that  is  typically  used  for  wafer 
bonding  was  also  found  to  be  appropriate  for  laser-supported  bonding. 


Table  2 

Cleaning  of 
silicon  with 
hydrogen- 
peroxide-based 
solution. 

50%  unstabilized 

HA, 

50%  NH4OH, 
37%  HCL/1/ 


Cleaning 

step 

Compositions  by 
Volume 

Operating 
Temperature 
(deg.  C) 

Operating  Time 
(min) 

Designed  to 
Remove 

Ethanol 

C2H5OH 

25 

5  (Supersonic) 

Dust,  fat 

RCA  1 

NH40H:H202:H20 

0.25:1:5" 

70 

10  (Supersonic) 

Particles, 
organics,  some 
metals 

Rinse 

Di  H20 

25 

5 

RCA  1 

RCA  2 

HC1:H202:H20 

1:2:8 

75 

20 

Alkali  and 
heavy  metals 

Rinse 

Di  H20 

25 

5 

RCA  2 

The  surface  of  glass  is  less  reactive  with  its  natural  ambient.  Therefore,  it  is  not  necessary  to  apply  the 
same  cleaning  schedule  as  is  applied  for  silicon.  After  removing  the  organics  and  particles  with  RCA1 
and  rinsing  with  DI  water,  the  glass  samples  are  ready  for  use. 


3.2.  Laser  sources 


Two  different  laser  types  with  different  wavelengths  and  output  power  were  investigated:  a  30  W  diode  laser 
and  a  1000  W  Nd:YAG.  Diode  lasers  have  significantly  improved  in  recent  years  and  represent  a  promising 
alternative  to  conventional  laser  sources.  The  system  used  provides  laser  radiation  at  a  wavelength  of  808  nm 
and  delivers  the  beam  through  a  600  um  step  index  fiber  to  the  workpiece.  A  minimum  spot  diameter  of  750pm 
is  achieved  at  a  focal  length  of  50mm. 

The  Nd:YAG  laser  beam  has  a  wavelength  of  1064nm  and  delivers  a  maximum  power  of  1000  W  through  a 
300pm  fiber.  With  this  setup,  a  focus  diameter  of  150pm  can  be  achieved  using  a  100  mm  focal  length. 
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Compared  to  the  diode  laser,  significantly  higher  intensities  in  the  focal  spot  are  achievable  with  the  Nd:YAG 
laser.  However,  the  diode  laser  radiation  is  better  absorbed  by  the  silicon  surface  (see  Figure  2).  The  objective 
for  the  comparison  was  to  determine  if  a  bonding  process  still  can  be  established  using  the  highly  cost  effective 
diode  laser. 


3.3.  Clamping 


To  achieve  intimate  contact  between  the  silicon  and  glass  samples,  a  pneumatic  fixture  (Figure  4)  was  used,  that 
can  apply  pressure  between  IMPa  and  30MPa.  A  transparent  cover  plate  made  of  fused  silica  applies  the 
clamping  pressure  to  the  sample  surface  and  allows  access  of  the  laser  beam.  A  three-axis  motion  system  was 
used  to  scan  the  surface  of  the  samples  with  the  laser  beam.  This  set-up  offers  high  flexibility  to  vary  speed, 
focal  position  and  feed  direction. 


Figure  4 

Schematic 
drawing  of 
processing  glass 
to  silicon  wafer 
bonding 


In  the  investigation  using  the  30  W  diode  laser,  a  layer  of  polytetrafluorethylene  (PTFE)  was  used  to  control  the 
heat  flow  from  the  silicon  into  the  aluminum  base  plate.  The  PTFE  layer  serves  as  an  insulator  that  allows 
sufficient  heating  of  the  material  even  with  the  low  power  diode  laser.  Without  the  PTFE  layer  it  was  not 
possible  to  achieve  any  bonding.  During  the  tests  with  the  Nd:YAG  laser,  isolation  was  not  necessary  due  to 
the  higher  intensity  in  the  focal  spot  of  this  laser. 


4.  Results 

The  investigation  included  tests  where  the  samples  were  stationary  relative  to  the  laser  beam  (static  tests)  and 
tests  where  the  samples  were  moved  under  the  stationary  beam  (dynamic  tests).  During  the  static  tests,  the  laser 
beam  was  used  to  bond  a  single  spot.  The  heat  input  was  controlled  by  the  laser  power  and  the  beam-on-time. 
Figure  5  shows  the  matrix  of  settings  for  the  beam-on-time  and  the  power  that  was  investigated  to  determine 
appropriate  conditions  for  bonding.  It  is  distinguished  between  parameter  settings  that  result  in  good  bonds  and 
settings  that  lead  to  defects.  Typical  bonding  defects  include  lack  of  bond  strength  and  crack  formation  during 
and  after  processing.  The  tests  using  the  diode  laser  show  a  small  parameter  window  where  bonding  is 
possible. 
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Figure  5 


4.5 


Radiation  time 
vs.  laser  power 
for  static  diode 
laser  tests. 
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Due  to  the  heat  input  of  the  laser  beam  into  the  silicon  wafer,  thermal  and  mechanical  stress  results  in  the 
bonded  parts.  In  the  dynamic  experiments,  it  was  found  that  the  duration  of  the  heat  input  is  relevant  for 
producing  cracks  in  the  glass.  During  the  process,  the  average  temperature  is  steadily  increasing  in  the  silicon. 
At  the  beginning  of  the  bond  line,  the  parts  are  already  connected  while  the  rest  of  the  silicon  is  expanding 
because  of  the  heat  input.  The  glass  is  less  subjected  to  this  effect  because  the  absorbed  energy  in  the  glass  is 
negligible  so  that  only  the  connection  to  the  silicon  heats  up  the  glass.  At  the  end  of  the  bond  line,  both 
materials  will  cool  off  with  the  result  that  the  silicon  bulk  material  is  much  warmer  than  the  glass  during 
bonding.  Since  silicon  shrinks  more  than  glass,  mechanical  stress  is  induced  and  cracks  occur  if  the  stress 
exceeds  the  strength  of  the  bond. 

Furthermore,  the  energy  input  must  be  well  controlled  to  achieve  localized  bonding  and  avoid  melting  of 
silicon.  Melting  of  the  silicon  will  result  in  a  poly  crystalline  structure  with  changed  electrical  and  mechanical 
properties.  Bonds  where  melting  of  silicon  occurred  also  exhibit  a  rough  interface. 

Examples  of  static  and  dynamic  bonding  are  shown  in  Figure  6.  The  left  picture  is  a  single  pulse  with  a  beam- 
on-time  of  2  sec  and  a  laser  power  of  27W.  The  lines  in  the  middle  and  the  circle  on  the  right  side  are  also  done 
with  27W.  The  speed  for  the  lines  is  0.07m/min  and  for  the  circle  0.08m/min.  The  length  of  the  lines  is  3mm 
and  the  diameter  of  the  circle  is  3mm. 


Figure  6 

Samples  after 
processing  with 
diode  laser. 


Due  to  the  different  beam  characteristics  and  beam  quality  of  the  Nd:YAG  laser,  there  are  differences  in  the 
clamping  and  the  required  power.  The  higher  intensity  in  the  focal  spot  enables  bonding  without  using  a  PTFE 
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layer  between  silicon  and  the  aluminum  base  plate.  The  speed  can  be  increased  up  to  200mm/min  at  a  focal 
spot  diameter  of  300pm.  The  sample  in  Figure  7  shows  a  circle  with  a  3mm  diameter  that  is  bonded  at  a  speed 
of  lOOmm/min  and  47 W  laser  power. 


Figure  7 

Bonded  circle 
with  Nd:YAG 
laser  at 

lOOmm/min  and 
47W. 


5.  Summary  and  perspective 


Localized  laser  bonding  of  glass  to  silicon  has  been  investigated  using  a  diode  laser  and  an  Nd:YAG  laser.  The 
main  differences  between  these  laser  types  are  the  beam  quality  and  the  output  power.  The  investigation 
included  the  testing  of  bonds  on  spots,  straight  lines  and  circles.  Bonding  was  successfully  established  with 
both  laser  types,  however  the  tests  show  that  the  usable  parameter  window  to  achieve  good  bonds  is  narrow. 
Either  cracking  of  the  glass  wafer  or  a  lack  of  bonding  is  observed  if  the  heat  input  deviates  from  the 
appropriate  settings.  It  was  also  found  that  cleanliness  and  surface  conditions  of  samples  and  appropriate 
clamping  are  crucial  to  bond  the  materials. 

The  results  exhibit  a  high  potential  for  laser  bonding  to  address  an  increasing  need  for  localized  joining  of 
materials  in  the  manufacture  of  miniaturized  components.  Future  work  will  include  the  further  development 
and  optimization  of  the  bonding  process  for  glass-to-silicon  and  the  characterization  of  the  bond  strength, 
durability  and  residual  stresses. 
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Processing  of  silicon  by  Nd:YAG-lasers  with  harmonics  generation 
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(Fraunhofer  Institute  Material  and  Beam  Technology,  Germany,  01277  Dresden, 

WinterbergstraBe  28) 

ABSTRACT 

Micro  structures  in  silicon  are  applied  in  different  fields  of  industry,  medicine  and  research.  Examples  are  micro 
mechanical  sensors  for  car  security  systems,  nozzle  plates  for  printer,  and  optical  elements  for  X-ray  beam  splitting. 
Wherever  the  accuracy  of  etched  silicon  structures  is  not  required,  laser  processes  with  short  pulses  and  small  wave 
length  can  be  an  option  with  the  advantage  of  shorter  process  time 

High  quality  cutting  and  drilling  of  silicon  can  be  achieved  by  application  of  diode  pumped  q-switched  Nd:YAG-lasers 
and  harmonics  generation.  The  short  pulses  (15  ns)  and  the  UV  wave  length  (355  nm)  of  the  Gator  UV  from  Lambda 
Physik  AG,  for  example,  allow  a  reduction  of  thermal  effects  like  deposition  of  molten  material  and  heat  effected  zones 
at  the  edges.  Especially  in  the  case  of  deep  structures  the  ablation  plasma  causes  powerful  heating  of  the  walls.  An 
reduction  of  the  plasma  temperatures  and  so  the  heat  influence  on  the  walls  can  be  realized  by  a  small  laser  wave  length 
with  low  plasma  absorption.  Short  laser  pulse  durations  are  necessary  to  reduce  the  heat  effected  depth  or  melting  due 
to  heat  flow  from  the  ablation  area  into  the  bulk  material.  Also  the  duration  and  intensity  of  plasma  heating  is  reduced 
by  short  laser  pulses. 

In  this  contribution  the  possibilities  and  limits  of  laser  machining  of  Si  by  diode  pumped  Nd:YAG-lasers  with 
harmonics  generation  will  be  presented  by  means  of  structures  processed  by  application  of  a  scanner  with  f-theta-optic. 
The  results  will  be  discussed  concerning  the  experimental  setup  and  the  laser  parameters. 

Keywords:  laser  processing,  laser  ablation,  laser  cutting,  microstructure  processing,  silicon 


INTRODUCTION 

Silicon  is  one  of  the  most  thoroughly  investigated  materials.  The  vast  majority  of  electronic  components  is  based  on 
semi-conducting  mono-crystalline  silicon.  Polycrystalline  and  amorphous  silicon  is  used  in  solar  cell  technology. 
Micromechanical  components  as  acceleration  sensors  in  car  safety  systems  and  micro-fluidic  circuits  are  made  of 
silicon.  Silicon  is  also  used  as  a  substrate  for  X-ray  mirrors,  for  example. 

Every  one  of  the  mentioned  applications  involves  some  structuring  of  the  bulk  material  because  silicon  of  the  required 
quality  cannot  be  generated  as  pre-formed  parts.  The  high  accuracy  required  for  micro-mechanical  components  with 
toeir  structural  dimensions  of  typically  a  few  micrometers  is  realized  with  etching  technology.  Mechanical  cutting  with 
its  lower  accuracy  is  applied  for  separating  the  chips  on  the  wafer.  Also  laser  induced  etching  [1]  is  coming  up  as  a 
process  technology.  The  laser  beam  technology  has  an  accuracy  intermediate  between  etching  and  mechanical  cutting, 
combined  with  the  essential  advantage  of  high  flexibility:  The  beam  spot  on  the  material  can  be  rapidly  moved  by 
scanning,  and  /or  the  sample  can  be  moved  below  the  spot. 

The  technology  applied  for  a  special  purpose  is  chosen  according  to  several  quality  criteria: 

-  amount  of  deposited  material  along  the  edges, 

-  width  of  damaged  material  along  the  edges, 

-  minimum  structural  dimensions, 

-  maximum  flank  slope, 

-  smoothness  of  flanks  and  bottom. 


The  accuracy  of  structuring  with  pulse  laser  depends  on  wavelength,  pulse  time,  pulse  repetition  rate,  and  intensity 
distribution  on  the  beam  spot,  as  well  as  on  the  beam  guiding  technique. 
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Much  effort  has  been  done  in  application  of  short  pulse  laser  technology  for  silicon  processing  [2,3],  When  comparing 
fs-laser  technology  and  ns-laser  technology,  it  appears  that  industrial  requirements  can  be  more  easily  satisfied  with  ns- 
lasers. 

As  explained  in  the  following,  essentially  improved  accuracy  of  silicon  structuring  can  be  expected  from  using 
harmonics  with  their  shorter  wavelength  instead  of  the  original  IR-beam  of  the  Nd:YAG-laser. 

The  penetration  depth  of  the  beam  into  the  material  is  usually  quantified  by  a  decay  length,  here  denoted  as  Xopt ,  which 
is  the  inverse  of  the  absorption  coefficient  a(X).  Note  that  its  dependence  on  the  wavelength  X  may  be  very  strong  as 
seen  in  Fig.  1  for  silicon.  In  case  of  very  small  penetration  depth  there  is  a  high  concentration  of  deposited  power  per 
pulse  so  that  essentially  the  whole  heated  layer  can  be  removed  while  the  amount  of  melt  being  present  can  be 
negligibly  small.  In  case  of  larger  penetration  depth  and  correspondingly  lower  concentration  of  deposited  power  per 
pulse,  a  larger  amount  of  melt  is  present  but  the  rate  of  removal  may  be  low. 

The  decay  lengths  (or  optical  penetration  depth)  of  the  Nd:YAG-laser  radiation  and  its  harmonics  as  derived  from  Fig.  1 
are  listed  here: 


X  =  1064pm  -»  x^t »  60  pm 

X  =  532pm  — >  Xopt «  0.5  pm 

X  =  355pm  ->  Xopt »  0.01pm 

Whether  the  optical  penetration  depth  is  a  relevant  quantity  here  depends  on  the  comparison  with  the  thermal 
penetration  depth  xth  related  to  the  thermal  diffusivity  k  of  the  material: 

Xu,  =  (kt)1/2  ,  k  =  A,/(pc)  p  =  density  c  =  specific  heat  i  =  pulse  duration 

Obviously,  shorter  pulses  make  smaller  thermal  penetration  depth.  15ns  pulses  from  the  laser  GATOR  applied  here  on 
silicon  at  room  temperature,  for  example,  make  x,h «  4  pm. 

The  accuracy  of  the  generated  structure  and  the  quality  of  its  edges  are  influenced  by  the  ablation  plasma.  Especially 
within  deep  holes,  plasma  can  lead  to  melt  formation  at  the  wall  and  to  removal  of  material  in  places  where  it  is  not  to 
be  removed  [4]. 

To  avoid  exceedingly  high  plasma  temperature,  the  absorption  by  inverse  bremsstrahlung  should  be  kept  low.  As  the 
plasma  absorption  ap  goes  with  the  inverse  square  of  the  frequency, 


a 


p 


-  n  (A£n)/ kT,  r„ 

~  J  e  >  PJ 
V 


n  =  electron  density,  k  =  Boltzmann  constant,  Te  =  electron  temperature,  AE0  =  energy  gap,  v  =  light  frequency 
higher  frequency  or  smaller  wavelength  makes  lower  absorption  and  hence  lower  temperature. 


wave  length  [nm] 
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Melt  formation  may  cause  a  problem  as  the  melt  driven  out  of  the  hole  by  the  plasma  pressure  can  get  stuck  to  the 
cooler  parts  of  the  borehole  wall. 

From  the  above  considerations  it  can  be  deduced  that  diode-pumped  solid-state  lasers  with  harmonics  generation  and 
pulses  t  <  30  ns,  which  have  become  commercially  available  only  recently,  should  be  suitable  for  high-accuracy 
structuring  processes  on  silicon. 


EXPERIMENTAL 

The  structuring  experiments  have  been  done  with  a  frequency-doubled  Nd:YAG-laser  of  type  POWER  GATOR 
GREEN  and  a  frequency-tripled  Nd:YAG-laser  of  type  GATOR  UV  of  Lambda  Physik.  The  POWER  GATOR  has  got 
an  integrated  beam  amplifier.  It  provides  a  532nm-beam  of  13.5  W  with  10  kHz  pulse  repetition  rate.  The  GATOR  UV, 
without  amplifier,  provides  3  W  at  355nm  and  same  pulse  rate.  The  pulse  shape  is  seen  in  Fig.  2. 

By  expanding  the  beam  diameter  of  either  laser  by  telescope  (10-fold  for  532nm  and  5-fold  for  355nm)  the  intensity  is 
reduced  on  the  optical  elements  but  increased  in  the  focus.  Beam  deflection  is  realized  with  scanners  produced  by 
Arges.  Focusing  is  done  with  a  flat  field  lens  of  10  mm  focal  distance.  After  focusing,  the  remaining  beam  powers  are 
1 1  W  (green)  and  2.2  W  (UV).  The  beams  are  linearly  polarized  but  can  be  transformed  into  circular-polarized  beams 
by  means  of  a  quarter-wave  plate.  The  samples  can  be  moved  and  adjusted  on  supports  driven  by  step  motors. 

The  samples  were  cut  from  4”  Si-wavers,  thickness  550pm  with  111  orientation.  After  structuring,  the  samples  were 
etched  with  20%  hydrofluoric  acid  and  rinsed  with  distilled  water  to  remove  deposits  of  Si02  along  the  edges,  then 
inspected  with  light  and  scanning  electron  microscopy.  Some  samples  were  cut  at  various  stages  of  structuring  in  order 
to  follow  the  progress  of  substance  removal.  A  special  etching  technique  reveals  the  heat-affected  and  melt  zones.  The 
structural  widths  and  depths  were  measured  with  the  microscopes  supported  by  suitable  software. 


-10, On  0,0  10,0n  20, On  30, On  40,0n  -10, On  0,0  10, On  20,0n  30,0n  40, On 


time  [s]  time  [s] 


Fig.  2  Temporal  intensity  profile  of  100  laser  pulses,  POWER  GATOR  532  nm  left,  GATOR  UV  right 
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Single  pulses  and  percussion  holes 

The  focused  laser  beam  spot  was  moved  over  the  silicon  surface  by  means  of  scanner  with  a  path  velocity  as  high  as 
6.5  m/s  so  that  with  10  kHz  repetition  rate  the  effect  of  the  individual  pulses  was  resolved,  as  seen  in  the  SEM  images 
(Fig.  3,  sarnpla  slightly  tilted).  A  15pm  wide  crater  is  formed,  surrounded  by  a  40pm  wide  area  covered  with  splashed 
melt. 


Fig.  3  SEM-Images  of  the  effect  of  single  UV  pulses  on  an  unpolished  Si  1 1 1  surface 
a)  overview  of  the  whole  spot,  b)  sector  of  the  image  a) 


With  stationary  spot,  through  holes  are  formed  after  20  000  pulses  (Fig.  4).  The  beam  was  focused  on  the  surface  of  the 
sample.  The  hole  diameter  is  25  pm  at  the  entry  and  20  pm  at  the  exit,  which  means  a  taper  ratio  of 
T  =  dentry  —  dexit  /  thickness  *  100  %  =  0,9  %.  0.9  %. 

The  effect  of  HF-cleaning  is  distinctly  visible:  The  deposited  Si02  is  removed.  However,  the  cleaned  surface  seems  to 
be  slightly  rough.  A  molten  rim  may  be  formed  around  the  entry  edge  of  the  hole.  The  hole  wall  and  edge  quality  at  the 
exit  is  seen  in  Fig.  5. 


a)  b)  c) 

Fig.  4  SEM  images  of  percussion  holes  in  Si  1 1 1,  thickness  550  pm,  20  000  pulses,  10  kHz 

a)  hole  entry  without  HF-cleaning,  b)  hole  entry  after  HF-cleaning,  c)  hole  exit 
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Fig.  5  percussion  hole,  exit,  tilted  30° 


Si-cutting 

With  the  short  wavelengths  and  short  pulses  applied  here,  the  laser  beam  erosion  of  Si  is  dominated  by  sublimation, 
although  it  is  obvious  that  transient  melting,  too,  is  part  of  the  process. 

The  depth  of  trenches  obtained  with  repeated  erosion  cycles  is  plotted  in  Fig.  6,  7.  for  two  beam  path  velocities  for  the 
lasers  GATOR  UV  and  POWER  GATER  532  nm.  The  erosion  rate  has  always  been  found  larger  at  the  beginning  and 
becoming  nearly  stationary,  with  some  fluctuations,  at  a  depth  of  about  200  pm.  In  the  case  of  cutting  thick  samples  we 
found  erosion  stopping  because  of  enhanced  beam  reflections  at  the  trench  walls  for  smaller  spots.  Wider  trenches 
allow  deeper  cuts. 


Fig.  6  Cutting  depth  in  dependence  on  the  number  of  cutting  cycles,  sample  Si  1 1 1 ,  thickness  550  pm 
a)  GATOR  U V,  cutting  velocity  5  mm/s,  b)  GATOR  U V,  cutting  velocity  1 00  mm/s 
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Fig.  7 


Cutting  depth  in  dependence  on  the 
number  of  cutting  cycles,  sample  Si 
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The  cause  of  this  trend  is  not  obvious.  As  expected  from  Fig.l,  the  erosion  rate  is  higher  with  355  nm.  Because  of  the 
low  accuracy  of  depth  measurement,  the  difference  in  the  erosion  rate  for  5  and  lOOmm/s  path  velocity  seems  to  be 
insignificant. 

The  cross-shaped  cut  in  a  550pm  silicon  wafer  seen  in  Fig.  8a  gives  an  impression  of  the  quality,  which  is  even  higher 
for  thinner  material  because  of  less  heat  accumulation  and  melting  near  the  edges  during  the  cutting  process.(Fig.  8b). 
Cutting  with  335nm  beam  produces  smaller  amounts  of  melt  and  hence  higher  quality  than  cutting  with  532  nm.  The 
obtained  gap  widths  are  40  pm  and  100  pm,  respectively. 

Fig.  8b  shows  a  section  through  a  550  pm  wafer  cut  with  GATOR  UV.  The  taper  angle  of  the  gap  is  88.3°,  and  the 
width  is  18  pm  below  (Fig.  9a),  with  higher  edge  quality  than  above. 


Fig.  8:  Silicon  wafers  cut  with  GATOR  UV,  355nm 

a)  crossed  cuts  in  550pm  wafer,  beam  entry,  b)  cut  in  355pm  wafer,  beam  entry 


Proc.  SPIE  Vol.  4637 


501 


Area  ablation  of  silicon 

2.5-D-structures  in  silicon  as  applied  in  micro-fluidics,  for  example,  are  usually  produced  by  means  of  a  mask  projection  technique, 
with  a  homogenized  excimer  laser  beam  covering  the  whole  area  [7],  The  alternative  technique  by  scanning  a  solid  state  laser  beam 
produces  rougher  feces  because  of  the  localized  irradiation.  In  order  to  apply  this  flexible  technique  nevertheless,  quantitative 
information  on  the  resulting  roughness  has  to  be  obtained,  and  ways  to  minimize  this  roughness  have  to  be  found. 

The  rectangular  pit  in  Fig.  9  has  been  obtained  by  line-wise  scanning,  with  the  line  direction  switched  by  40°  after  every  coverage  of 
the  area,  so  that  with  9  area  scans  a  certain  symmetry  of  the  process  is  realized.  Other  numbers  than  9,  with  the  corresponding  angles 
have  also  been  tried  with  the  results  seen  in  Fig.  1 0.  The  bottom  face  obtained  in  this  way  is  fairly  well  isotropic  compared  to  faces 
obtained  with  conventional  scanning  in  two  directions. 


Fig.  9:  Erosion  of  Si  1 1 1  face  with  GATOR  U  V  (335nm),  beam  power  on  sample  1 . 1 W, 

9  scans  differing  by  40°  line  direction,  velocity  70mm/s,  a)  survey,  b)  bottom  face  magnified 
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ablation  depth  per  scan  [pm] 


As  expected  the  erosion  rate  varies  essentially  inversely  with  the  scanning  velocity  (Fig.  10). 

The  micro  roughness  of  about  0.8  mm  on  average  is  found  to  be  nearly  independent  of  velocity  and  number  of  scans  but  dependent 
on  line  spacing.  In  these  investigations,  the  optimum  spacing  of  10  pm  was  chosen. 


Fig.  1 0  Processing  parameters  of  scanning  with  changing  direction 

a)  average  ablation  depth  per  single  scan  for  several  numbers  of  scans 

b)  roughness  for  several  velocities  and  numbers  of  scans 


Application 


With  the  flexible  and  well  controllable  technique  combining  solid-state  laser  and  scanner,  structures  suitable  for  micro-mechanics 
and  micro-fluidics  can  be  easily  produced.  For  demonstration,  a  toothed  gear  has  been  cut  from  a  550  pm  silicon  slab.  The  clean 
edges  have  been  obtained  with  hydrofluoric  acid  etching  as  described  under  Experimental. 
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SUMMARY 


The  presented  results  demonstrate  that  solid-state  lasers  of  the  GATOR  type  are  suitable  for  structuring  silicon.  By 
judging  the  obtained  accuracy  and  erosion  rate  in  relation  to  the  effort, 
the  GATOR  UV  is  more  favourable  than  the  532nm  version. 

Although  laser  structuring  does  not  reach  the  accuracy  of  etching,  its  flexibility  and  high  rate  make  it  a  promising 
technique,  especially  in  a  parameter  range  where  mechanical  tooling  meets  its  limits. 

This  technique  is  expected  to  be  suitable  for  producing  structures  in  micro-mechanics,  micro-fluidics,  and  sensorics.  In 
particular,  the  cutting  of  irregular-shaped  sensor  chips  might  be  a  promising  application. 
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ABSTRACT 

Laser  welding  of  polymers  using  high  power  diode  lasers  offers  specific  process  advantages  over  conventional  tech¬ 
nologies,  such  as  short  process  times  while  providing  optically  and  qualitatively  valuable  weld  seams,  contactless  yield¬ 
ing  of  the  joining  energy,  absence  of  process  induced  vibrations,  imposing  minimal  thermal  stress  and  avoiding  particle 
generation.  Furthermore  this  method  exhibits  high  integration  capabilities  and  automatization  potential.  Moreover, 
because  of  the  current  favorable  cost  development  within  the  high  power  diode  laser  market  laser  welding  of  polymers 
has  become  more  and  more  an  industrially  accepted  joining  method.  This  novel  technology  permits  both,  reliable  high 
quality  joining  of  mechanically  and  electronically  highly  sensitive  micro  components  and  hermetic  sealing  of  macro 
components.  There  are  different  welding  strategies  available,  which  are  adaptable  to  the  current  application. 

Within  the  frame  of  this  discourse  scientific  and  also  application  oriented  results  concerning  laser  transmission  welding 
of  polymers  using  preferably  diode  lasers  are  presented.  Besides  the  used  laser  systems  the  fundamental  process  strate- 
.gies  as  well  as  decisive  process  parameters  are  illustrated.  The  importance  of  optical,  thermal  and  mechanical 
properties  is  discussed.  Applications  at  real  technical  components  will  be  presented,  demonstrating  the  industrial  im¬ 
plementation  capability  and  the  advantages  of  a  novel  technology. 

1.  INTRODUCTION 

Welding  of  polymer  materials  by  local  heating  above  the  softening  temperature  by  laser  radiation  and  a  following  join¬ 
ing  step  is  well  known  since  about  ten  years  now  [1,2].  CO2  and  preferably  Nd:YAG  lasers  have  been  used  that  time. 
However,  the  success  story  for  joining  of  polymers  with  lasers  has  begun  with  the  appearance  of  the  high  power  diode 
lasers;  these  lasers  are  very  small,  reliable  and  efficient,  which  makes  them  simple  to  integrate  and  easy  to  handle,  but 
also  cost  efficient,  since  their  high  electrical-to-optical  efficiency  and  very  little  service  needs  reduces  the  running  costs 
considerably  compared  to  conventional  high  power  lasers.  On  the  other  hand  laser  polymer  welding  calls  for  special 
requirements  beyond  those  characteristics  for  the  conventional  polymer  joining  technologies,  e.g.  matching  of  the  melt¬ 
ing  resp.  decomposition  temperatures,  if  different  materials  shall  be  joined  etc..  Among  others  laser  welding  requires 
suitable  optical  properties,  a  special  geometrical  configuration  and  laser  adapted  weld  seam  design;  on  the  first  glance, 
this  may  sound  as  a  restriction  which  limits  the  applicability  of  this  method,  but  there  are  good  chances  to  overcome 
these  limitations,  if  these  requirements  can  be  considered  in  the  product  design  and  the  selection  of  the  materials. 

2.  HIGH  POWER  DIODE  LASERS 

Diode  lasers  are  well  known  from  their  applications  in  communication  and  information  technology  as  well  as  in  con¬ 
sumer  electronics.  In  the  beginning  of  the  last  decade,  diode  lasers  could  be  scaled  up  to  a  power  level,  which  made 
them  attractive  for  materials  processing.  This  became  possible  by  special  semiconductor  technology,  but  especially  by 
the  development  of  sophisticated  cooling,  mounting  and  beam  forming  technologies  [3].  High  power  diode  lasers  are 
extremely  compact  and  reliable  laser  sources,  which  furthermore  show  an  electrical-to-optical  efficiency  of  about  50%, 
which  makes  them  also  very  attractive  under  an  economic  point  of  view.  Because  of  their  special  construction  -  high 
power  is  achieved  by  incoherent  coupling  of  several  low  power  sources  -  the  beam  quality  of  high  power  diode  lasers  is 
limited,  but  by  far  sufficient  for  standard  polymer  welding  applications.  The  wavelength  of  these  diode  lasers  is  in  the 
range  between  750  nm  and  1050  nm,  where  808  nm,  940  nm  and  980  nm  are  the  most  prominent  wavelengths,  because 
of  their  applicability  for  solid  state  laser  pumping. 
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2.1  The  diode  laser  principle* 

From  a  traditional  diode  laser  element  typically  only  a  few  milliwatts  can  be  extracted  from  a  pn-transition;  in  fact  a 
diode  laser  is  a  complex  sequence  of  differently  doped  GaAlAs  layers,  which  sometimes  have  only  the  thickness  of  a 
few  atomic  layers.  The  light  is  actually  emitted  from  a  layer,  ■  t-"-. ..  i 

which  is  about  a  micron  in  width  and  iso  in  thickness.  From  * 

such  an  element  typically  a  few  milliwatts  of  laser  light  can  IpSll? 

be  extracted.  To  increase  the  power,  several  of  these  lasers  f  • "  rf 

are  positioned  side  by  side  or  the  emitting  area  is  extended  to  - 

a  stripe  as  schematically  shown  in  Fig.  1  [4].  The  special  ^ 

shape  of  the  light  generation  area  leads  to  special  light  emit-  '  / 

ting  characteristics,  which  shows  a  high  divergence  in  the  "fast  axis'  *  ***** 

direction  of  the  pn-transition  ("fast  axis"),  and  a  lower  diver-  ncrJov''  (70°-90°)U^ _ „ 

gence,  but  a  wide  emitting  "stripe"  in  the  other  ("slow  axis"), 
as  also  represented  in  Fig.  1.  For  electrical  and  optical  rea- 

sons,  the  width  of  such  a  stripe  is  limited  to  200  to  300  pm.  Fig.  1:  Scheme  of  light  generation  in  a  pn- 


’fast  axisf 
-  (70°-90°)t, 


Fig.  1:  Scheme  of  light  generation  in  a  pn- 
transition  of  a  laser  diode  fafter  41 


Further  power  increase  is  reached  by  integration  of  several 
such  elements  into  one  semiconductor  element,  which  has  a 
size  of  about  10000  pm  x  1000  pm  x  115  pm,  where 
1000  pm  is  the  resonator  length  in  this  case.  This  may  be  as 
long  as  2  mm  in  today's  high  power  lasers.  This  unit  is  called 
a  "laser  bar"  and  schematically  shown  in  Fig.2. 


V-Grooves 


Stripe  (resp.  subarray 
with  ca.  20  emitters) 


200  -  800  jim 

Fig.  2:  Integration  of  several  individual  diode  lasers 
into  one  "laser  bar" 


2.2  Power  increase  by  cooling  _ I 

Even  if  these  laser  bars  show  electrical-to-optical  efficien-  j  — ~~  """  5o_2oo 

cies  of  40  to  even  above  50%,  considerable  amount  of  heat  /  /  u-— — 

must  be  removed  through  the  small  footprint  if  power  resp.  /  S’2*™ _ —  — — 

current  is  increased  further.  Therefore,  the  laser  bar  must  be  Mirror- 

mounted  onto  a  special  water-cooled  heat  sink,  which  re-  ftcettes  - - - - 

moves  the  excess  heat  and,  thus,  prevents  the  bar  resp.  the  |  4 - - - 

mirror  facets  from  thermal  destruction.  The  micro-channel  200-800|im 

cooling  technology  was  originally  based  on  silicon  anisot-  Fig,_2:  Integration  of  several  individual  diode  lasers 

topic  etching  [5J;  today  these  heat  sinks  are  typically  manu-  into  one  "laser  bar" 

factured  from  copper.  They  contain  a  network  of  small  chan¬ 
nels,  with  a  cross  section  of  ca.  300  pm  x  300  pm.  Water  is 
driven  through  these  microchannels,  which  are  located  un¬ 
derneath  the  laser  bar  (Fig.  3)  for  most  efficient  cooling.  '•  '  7_V~r'-| 

Typical  flow  rates  through  such  a  cooler  are  in  the  order  of  *°*d®r  • 

0,5  1/min;  a  typical  heat  resistance  is  in  the  range  of  \ 

0,4  K/W.  This  cooling  efficiency  allows  to  use  the  laser  at  I  *  * 

currents  up  to  50  A,  i.e.  to  create  laser  power  up  to  40  or  I.  *  * 

50W,  or  even  higher  without  any  damage.  The  mounting  of  pi*  V-i  4;  *  *  4;v  0 

the  laser  bars  onto  the  copper  cooling  unit  must  be  very 
accurate,  so  the  optical  properties  of  the  bar  are  not  affected  ' 

and  the  cooling  is  uniformly  and  efficient.  Actually,  posi¬ 
tioning  accuracy  in  the  micron  range  is  required  for  all  direc-  Fig^3:  Scheme  of  a  micro-channel  cooler;  the  bar  is 
tions,  bending  of  the  bar  (the  so  called  "smile")  must  be  precision  mounted  by  a  special  solder 

minimised  at  any  means,  since  this  most  severely  distorts  the 

beam  if  fast  axis  collimation  (see  sect.  2.3)  is  performed  .  The  solder  material  must  be  sufficiently  ductile,  so  it  releases 
the  mechanical  stress,  caused  by  the  different  thermal  expansion  coefficients  of  the  GaAs  based  semiconductor  material 
and  the  copper. 


solder 

- . \  „ 


,4  ...  [  i 

U3a</li  1 1 


Fig.  3:  Scheme  of  a  micro-channel  cooler;  the  bar  is 
precision  mounted  by  a  special  solder 


Portions  of  this  section  were  originally  published  in  ref  [3] 
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23  Optical  considerations  and  beam  forming  methods 

The  beam  quality  in  the  "fast  axis"  is  almost  diffraction  limited  and  shows  a  Gaussian  intensity  distribution  with  a  very 
narrow  beam  waist.  In  the  slow  axis,  i.e.  where  the  stripes  or  groups  of  dots  are  positioned  side  by  side  we  find  a  re¬ 
duced  angle,  but  a  wide  emitting  stripe,  i.e.  a  wide  beam  width.  Thus,  the  beam  quality  in  the  slow  axis  is  much  inferior 
than  in  the  fast  axis.  This  behavior  is  explained  in  Fig.4  which  summarizes  the  characteristic  numbers  of  a  diode  laser 
bar:  A  measure  for  the  beam  quality  is  the  beam  parameter  product  BPP  =  w0  •  0O,  i.e.  the  product  of  the  half  beam 
waist  and  the  half  far  field  divergence  angle.  With  the  characteristic  numbers  shown  in  Fig.  4  we  calculate  BPP  for  the 
fast  axis  to  about  0.26  to  0.55  mm  mrad1,  whereas  we  get  4.3  to  21  mm  mrad  for  the  single  emitter  in  the  slow  axis 
direction  and  as  high  numbers  as  450  to  700  mm  mrad  if  the  entire  bar  is  considered. 


Because  of  the  large  divergence  in  the  fast 
axis,  a  cylindrical  micro-lens  is  positioned 
closely  to  the  front  mirror  of  the  diode  laser 
bar,  which  turns  the  beam  into  a  collimated 
parallel  beam  in  this  axis  (Fig.  5,  left).  To 
further  increase  the  power,  such  units  can 
be  stacked  on  top  of  each  other  (Fig.  5, 
right).  The  slow  axis  emission  of  a  single 
stripe  might  be  collimated  by  a  slow  axis 
collimation  lens  array  [3]  to  some  extent. 

However,  considering  the  beam  parameter  products  above,  in  the  slow  axis,  the  width  of  the  entire  bar  has  to  be  consid¬ 
ered  as  the  beam  waist.  In  fact,  the  non-emitting  space  between  the  emitting  lines  is  included  into  the  beam  waist.  Typi¬ 
cally  the  the  non-emitting  area  covers  between  50  and  75%  of  the  laser  bar,  which  corresponds  to  a  "filling  factor"  (i.e. 
"emitting  area")  of  50  to  25  %.  Thus,  if  beam  quality  shall  be  improved,  single  emitters  should  be  treated  and  combined. 
There  are  certain  difficulties  to  overcome,  if  slow  axis  radiation  shall  be  improved.  This  can  be  easily  seen  in  the  sketch 
of  the  radiation  of  the  laser  bar  (Fig.  4,  right),  the  radiation  of  the  individual  emission  lines  already  overlap  closely  to 
the  output  coupler,  because  of  their  divergence.  Therefore,  a  special  micro-optical  element  (Fig.6)  has  been  developed 
[6].  After  fast  axis  collimation  (part  #4  in  Fig.  6)  micro  prisms  (#6)  deflect  the  light  from  the  diode  laser  bar  (#1)  resp. 
the  single  emitters  (#2)  into  different  directions,  where  they  are  made  parallel  by  another  prism  assembly  (#7).  That 
way,  overlap  of  the  individual  emitters  is  avoided  and  light  is  then  collimated  in  the  slow  axis  by  a  set  of  cylindrical 
lenses  (#8).  Finally,  the  light  is  collected  by  a  spherical  lens  (#9).  So  the  grouping  of  the  emitting  stripes  has  finally 
changed  by  this  optical  element  from  a  lined  up  sequence  to  a  stacking  on  top  of  each  other,  as  schematically  repre¬ 
sented  in  the  insert  box  on  top  of  Fig.  6. 


1  the  value  for  a  diffraction  limited  beam  is  TJn,  which  is  about  0.26  ...  0.31  mm  mrad,  depending  from  wavelength 
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2.4  Diode  laser  systems  for  polymer  welding 

With  the  optical  tools,  which  are  described  above, 
high  performance  diode  laser  units  with  a  beam 
quality  as  good  as  40  mm  mrad  at  30  W  and 
60  mm  mrad  at  160  W  can  be  realized.  This  is  suffi¬ 
cient  for  the  most  cases  of  polymer  welding.  Typi¬ 
cally,  these  units  are  complete  units  including  power 
supply  as  well  as  cooling  unit..  Such  a  system 
(without  cooling  unit)  is  shown  in  fig.  7.  160  W  are 
delivered  at  a  spot  size  of  0.6  x  1,2  mm2  at  a  work¬ 
ing  distance  of  84  mm.  Also,  fiber  coupled  units  are 
available  e.g.  the  unit  presented  in  Fig.  8,  which  can 
deliver  30  W  out  of  a  fiber  with  a  core  diameter  of 
400  pm.  and  a  numerical  aperture  of  0,22. 


Fig.  7:  ROFINDLxl6.  160  W  laser  for  polymer 


Fig.  6:  Micro-optical  element  for  the  separation  and  for-ming 
of  the  single  emitters  to  improve  beam  quality  [6]; 
insert  box  top:  representation  of  intensity  distribution  at 
diffemt  places  in  the  micro-optical  element. 


welding;  beam  size  is  0,6  x  1,2  mma  at  a 
working  distance  of  anout  75  mm 

2.5  On-line  process  control  unit 

As  we  will  see  in  sect.  4  polymer  welding  processes  often 
take  place  in  a  small  temperature  range  of  only  a  few  ten 
degrees.  Since  on  the  other  hand  fluctuations  may  be  caused 
by  change  in  the  absorption  properties  or  by  changes  in  the 
feed  rate,  a  feedback  system  for  active  power  control  is  a 
very  useful  tool..  A  pyrometer  is  monitoring  the  actual  tem¬ 
perature  radiation  of  the  weld  area.  It  is  connected  with  a 
computer,  which  controls  the  laser  power  by  a  feedback 


loop.  The  process  temperature  can  be  maintained  constant  Fig.  8:  ROFIN  DFx03:  30  W  laser  for  polymer  welding 


over  a  certain  range  even  if  the  optical  properties  are  chang-  with  a  400  pm,  0.22  NA  fibre  and  a  working 

ing  or  if  other  effects  change  the  amount  of  absorbed  power  head’ which  contains  a  Pyrometer  for  active  pro- 

(e.g.  change  in  feed  rate).  This  could  be  impressively  dem-  MSS  control 


onstrated  first  at  the  Fraunhofer-Institute  for  Laser  Technol¬ 
ogy  [7],  as  shown  in  Fig.  9.  The  x-y-handling  system  is  de¬ 
celerating  and  accelerating  if  it  has  to  turn  around  sharp  cor¬ 
ners.  This  leads  to  a  local  overheating  causing  decomposition 
of  the  material  (Fig.  9,  left).  If  the  feedback  control  is  acti¬ 
vated,  the  seam  can  be  properly  welded  without  any  damage 
(Fig.  9,  right).  Additionally,  a  camera  is  integrated  into  the 
working  head,  which  allows  accurate  positioning  and  to  some 
extent  visual  process  inspection. 


Fig.  9:  The  effect  of  pyrometer  control  [7] 
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3.  BASICS  OF  POLYMER  WELDING  WITH  LASERS 


Using  laser  light  as  an  energy  source  for  welding  of  materials  is  well  known  and  applied  in  industry  since  a  long  time.  It 
is  state  of  the  art  for  metal  joining.  However,  welding  of  polymers  must  be  considered  as  a  totally  different  process 
relating  to  the  macroscopic  setup  as  well  as  to  the  microscopic  processes.  Furthermore,  if  conventional  methods  for 
joining  of  polymers  are  considered,  optical  properties  and  interaction  of  light  with  matter  do  not  play  any  role,  contrary 
to  the  laser  weld,  where  those  processes  are  the  essential  steps.  Therefore,  in  the  following  we  will  go  a  little  more  into 
the  detail  of  the  interaction  between  light  and  matter  and  of  the  basic  processing  technology  for  laser  welding  of  poly¬ 
mers. 

3.1  Light-matter  interaction 

If  light  is  incident  to  a  materials  surface  it  can 
be  either  reflected  or  penetrate  into  the  mate- 
rial.  Reflection  is  represented  as  R  in  Fig.  10.  " 

As  well  known,  the  reflectivity  of  metals  is 
rather  high,  very  often  even  above  90%  for 
high  quality  surfaces  and  for  the  wavelength  — 
of  the  C02  laser  around  10  pm.  The  situation  — 
may  improve  for  Nd:YAG  (X  =  1,06  pm)  or 
diode  lasers  ( X  =  800  -  1000  nm),  where  -g 
normally  lower  reflectivity  can  be  found,  jg 
which  makes  those  lasers  more  efficient  re-  c 
lated  to  the  process.  The  part  of  the  light, 
which  is  not  reflected  enters  the  material.  In  gj 
metals  this  non-reflected  light  is  absorbed 
within  a  length  of  less  than  a  micron  and 
transferred  into  heat.  This  finally  may  lead  to 
heating,  melting,  vaporizing  or  even  ioniza-  C 
tion,  which  is  used  for  heat  treatment,  weld¬ 
ing  or  cutting  with  laser.  In  polymers,  espe¬ 
cially  in  their  natural  state,  at  the  wavelength  pig.  10:  Light  matter  interaction  (after  [1]);  insert:  intensity  curve  for 

of  diode  lasers  no  such  strong  absorption  can  transparent  ( - ),  volume  absorbing  ( - )  and  surface 

be  found.  As  light  passes  through  the  me-  absorbing  material  ( - ) 

dium,  it  will  be  absorbed  (A)  according  to 
Lambert-Beer's  law,  I(x)  =  Io  e-0*,  where  I 

denotes  the  intensity  of  the  light  and  a  represents  the  absorption  coefficient,  which  can  also  depend  on  the  material,  on 
the  wavelength,  on  temperature  and  other  parameters.  The  light,  which  is  absorbed  by  the  material  is  transferred  to  heat 
and  thus,  leading  to  a  temperature  increase,  which  may  cause  melting  or  thermal  destruction.  In  fact,  the  absorption 
coefficient  a  can  cover  values  from  zero  (fully  transparent)  over  a  medium  range  (volume  absorber)  up  to  as  high  num¬ 
bers  as  10000  cm'1  (surface  absorber).  This  behavior  is  schematically  shown  in  the  insert  in  Fig.  10.  Scattering  (R')  is 
of  course  only  found  in  volume  absorbers  and  only  under  certain  conditions  (see  sect.4.2).  In  this  process  the  light  is 
deflected  from  its  way  by  the  surface  of  e.g.  particles,  crystals  or  grain  boundaries,  but  the  energy  of  the  light  is  not 
transferred  to  the  material  and  thus,  does  not  affect  the  state  of  the  matter.  The  light,  which  finally  goes  straight  through 
the  material  without  being  affected  and  escapes  from  the  material  is  the  transmitted  light  (T). 

3.2  The  basic  polymer  laser  welding  process 

A  very  prominent  geometry  for  metal  welding  is  butt  welding;  however,  this  configuration  is  difficult  to  control  for 
polymer  welding,  as  a  consequence  of  the  special  properties  of  the  polymer  material.  Contrary  to  metals,  heat  conduc¬ 
tivity  is  very  small  for  polymers  (see  sect.  4.1).  This  means  the  heat  is  preferably  generated,  where  the  laser  radiation  is 
absorbed  in  the  material.  In  a  rough  approximation  on  a  short  time-scale  the  temperature  profile  follows  the  absorption 
profile  of  the  laser  radiation,  i.e.  the  polymer  can  only  be  melted  over  it's  entire  depth,  if  almost  uniform  absorption  is 
realized  over  the  thickness  of  the  material.  This  is,  however,  in  conflict  with  Lambert-Beer's  law,  or  rather  requires  a 
low  absorption  coefficient,  as  is  schematically  represented  in  Fig.  1 1 .  As  can  be  easily  recognized,  a  strong  absorption, 
as  in  case  c)  generates  a  high  temperature  at  die  surface,  but  not  throughout  the  entire  material,  and  thus,  no  strong  weld 
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can  be  obtained.  The  weak  absorption,  as  in  case  a)  is  definitely  advantageous  as  far  as  the  temperature  profile  is  con¬ 
cerned,  but  the  price  for  this  is,  that  a  large  amount  of  the  laser  power  is  transmitted  through  the  material  and,  thus,  not 
used  for  the  process.  Problems  also  arise  from  the  high  viscosity  of  the  molten  polymer  (see  sect.  4.1);  i.e.  even  if  the 
material  has  been  softened  it  does  not  necessarily  flow  together  deliberately,  i.e.  normally  pressure  has  to  be  applied  to 
mix  the  molten  partners  together.  Thus,  even  if  demonstrated  in  some  experiments  at  special  material  configurations 
and  with  a  selected  laser  wavelength  [8],  butt  welding  is  not  an  optimal  configuration  for  laser  welding  of  polymers. 


Volume  absorption: 
a:  ocd<l;b:  ad=l;c:  ad>l 


Mo  (Intensity) 

◄ - 


T  (Temperature) 

◄ - 


▼  x 


tx 


EigJLL:  Schematic  representation  of  a  butt  welding  configuration;  intensity  and  temperature  profile 


As  proven  in  a  wide  variety  and  from  several  groups  working  in  laser  polymer  welding,  overlap  weld  is  the  preferred 
geometry.  Overlap  welding  is  much  easier  to  handle  and  to  control  and  has  a  much  wider  area  of  application,  than  the 
butt  weld.  However,  also  here  a  special  configuration  is  necessary.  The  top  layer  (i.e.  the  first  layer,  which  is  penetrated 
by  the  laser  radiation)  must  be  transparent  for  the  laser  radiation,  whereas  the  bottom  layer  must  be  sufficiently  absorb¬ 
ing,  as  explained  by  the  sketch  in  Fig.  12.  In  this  case,  the  absorbed  light  generates  heating  and  melting  of  the  bottom 
layer  first.  Heat  is  then  transferred  via  thermal  conduction  between  the  joining  partners  to  the  non-absorbing  part,  which 


EigJ2:  Schematic  representation  of  overlap  configuration;  intensity  and  temperature  profile 
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also  starts  melting  at  the  interface  under  certain  conditions.  By  intermixing  or  diffusion  the  polymer  chains  may  com¬ 
bine.  After  cooling  and  re-solidification  a  firm  connection  is  formed  at  the  seam.  The  method  is  called  "laser  transmis¬ 
sion  welding".  If  properly  performed  and  if  the  materials  resp.  material  combination  is  suited  for  laser  welding  (see  sect. 
4.1),  laser  transmission  welding  generates  a  strong  and  cosmetically  perfect,  almost  invisible,  seam  with  little  thermal 
load  to  the  product.  Furthermore,  laser  welding  of  polymers  is  flexible,  gentle  and  environmentally  friendly. 

4.  THE  INFLUENCE  OF  THERMAL,  MECHANICAL  AND  OPTICAL  PARAMETERS 

In  comparison  with  metals,  polymers  show  a  totally  different  mechanical,  thermal  and  optical  behavior.  These  parame¬ 
ters,  however  are  essential  for  the  success  and  the  understanding  of  the  laser  welding  process. 


4.1  Thermal  behavior  of  polymers 

As  any  material,  polymers  undergo  phase 
transitions  if  they  are  heated  up.  This  is 
schematically  presented  in  Fig.  13  ([1],[9]), 
where  the  mechanical  strength  is  shown  vs. 
the  temperature.  This  behavior  is  clearly 
different  from  (pure)  metals,  where  defined 
phase  transition  occur.  In  polymers,  the 
status  changes  not  at  a  well  defined  tem¬ 
perature  but  over  a  temperature  range, 
which  can  be  explained  by  the  fact  that 
chain  length  is  statistically  distributed  over 
a  certain  range,  by  different  chain  struc¬ 
tures,  side  chain  effects,  molecular  and 
crystallite  size  and  molecular  forces.  Fur¬ 
thermore,  different  classes  or  polymers 
show  totally  different  characteristics.  For 
realization  of  a  welding  process,  of  course 
the  material  must  be  sufficiently  soft  or 
liquid,  so  the  molten  phases  can  flow  to¬ 
gether;  thus,  from  Fig.  13  we  may  easily 


Fig.  13:  Mechanical  strength  as  a  function  of  temperature  (qualitatively)  for 
different  polymer  classes  (GT=Glass  Temperature;  MT=Melt  Tem¬ 
perature;  CMT=Crystal  MeltTemperature;  DT=Decomposition 
Temperature.  Q=applications  range  [after  [1],[9]) 


recognize,  that  thermosets  cannot  be  welded  at  all  and  that  there  are  certain 
limitations  for  elastomers.  Thermoplastic  materials  are  suited  for  welding 
from  the  thermo-mechanical  point  of  view.  The  viscosity  of  molten  poly¬ 
mers  (without  filler  materials)  may  go  down  to  a  value  in  the  range  from 
107  to  109  cP;  however,  these  values  are  much  higher  than  those  of  liquids 
or  molten  metals2  and  thus,  molten  polymer  material  normally  does  not 
flow  without  an  external  force,  i.e.  pressure. 

As  temperature  increases  materials  normally  expand.  This  is  also  the  case 
for  polymers,  as  can  be  easily  seen  in  Fig.  14.  In  fact,  the  thermal  expan¬ 
sion  coefficient  of  polymers  is  considerably  higher  than  for  metals.  Fur¬ 
thermore,  the  effect  is  much  stronger  for  the  (partially)  crystalline  materi¬ 
als,  than  it  is  for  the  amorphous.  The  strong  heat  expansion  coefficient  may 
not  only  cause  pressure  at  the  seam,  but  also  cause  mechanical  stress  after 
the  seam  cooled  down.  This  might  especially  be  true  if  different  materials 
are  welded.  This  stress  may  cause  a  separation  of  the  weld  even  hours  after 
the  weld  was  performed.  Tempering  might  be  necessary  to  avoid  this  ef¬ 
fect. 
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The  heat  conductivity  of  polymers  is  typically  in  the  range  of  about  0.1  to  1  Fig.  14:  expansion  of  polymers 

W/(m*K),  which  is  3  to  4  orders  of  magnitude  less  than  the  heat  conductiv-  during  heating  (after  [9]) 

ity  of  metals  (e.g.  Cu:  X  =103  W/(m*K).  This  fact  together  with  the  large 


2  as  an  example:  Fe  with  2,5%C  at  1400  °C:  q=2,2cP;  Na  at  100  °C:  q—  7xl0’3  cP;  water  at  20  °C:  q-  lcP 
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difference  of  the  viscosity  of  these 
materials  is  one  of  the  key  reasons, 
why  polymer  welding  is  so  different 
from  metal  welding.  It  also  explains, 
why  the  absorption  must  be  care¬ 
fully  matched,  if  butt  welding  is 
perofrmed  (see  §3.2.) 

Tab.  1  gives  an  overview  about  melt 
and  decomposition  temperature 
ranges  for  different  materials,  taken 
from  textbooks  or  brochures.  Of 
course  the  temperature  during  the 
weld  must  be  kept  below  the  de¬ 
composition  temperature,  but  well 
above  the  melt  temperature,  if  a  joint 
shall  be  formed.  Thus,  the  accept¬ 
able  temperature  range  for  a  reliable 
process  sometimes  covers  only  a 
few  ten  degrees!  Therefore,  the  use 
of  feedback  loops  for  temperature  control  as  described  in  sect.  2.5,  are  mandatory  in  some  cases.  The  data  in  table  1  also 
indicate,  even  for  "identical"  materials,  the  data  may  differ,  depending  from  the  manufacturing  process  (which  influ¬ 
ences  e.g.  chain  length  or  may  use  certain  additives).  Welding  of  different  polymer  materials  is  possible  under  certain 
circumstances.  Nevertheless,  the  melting  range  of  both  materials  must  be  overlapping,  since  otherwise  one  partner  may 
decompose,  whereas  the  other  one  may  not  be  molten  at  all. 


Table  1 :  Characteristic  temperatures  for  polymers: 

melting  range  ■■  decomposition 


4  J  Optical  properties  of  polymers 

The  optical  properties  of  the  material  influence  the 
laser  welding  process  considerably  The  top  layer  has 
to  be  transparent,  as  indicated  in  sect.  3.  Reflection 
and  absorption  properties  of  the  bottom  layer  are 
important  parameters  for  the  welding,  since  these 
parameters  control  the  incoupling  of  the  radiation  to 
the  bulk  material,  i.e.  the  initial  step  for  the  laser 
welding.  As  indicated  in  Fig.  15,  which  shows  a 
typical  absorption  spectrum  for  a  polymer  (Poly- 
Carbonate),  most  polymers  are  almost  not  absorbing 
for  the  diode  laser  radiation  in  their  natural  state  and 
thus,  fulfil  the  first  requirement.  The  indicated  loss 
of  about  10%  may  be  related  to  reflection  at  the 
surface  or  some  scattering  effects.  Unfortunately, 
low  absorption  does  not  necessarily  mean  high 
transmission.  This  holds  only  for  amorphous  materi¬ 


als.  If  material  is  crystalline,  the  incoming  radiation 
can  be  easily  deflected  by  scattering  effects  in  the  bulk  material, 
as  described  in  fig.  16.  Because  of  the  distribution  of  the  laser 
power  due  to  scattering  an  increase  of  the  laser  spot  diameter  at 
the  joining  interface  may  occur.  As  a  consequence  of  this  the 
power  density  is  further  reduced  and  the  seam  width  might  be 
increased.  Scattering  effects  can  also  be  caused  by  filler  material, 
e.g.  glass  fibers.  The  strength  of  the  effect  depends  very  strongly 
from  the  grain  or  particle  size.  An  expansion  of  the  laser  beam 
diameter  by  a  factor  of  3  has  been  observed  on  a  2  mm  thick 
PBT  (Poly-Butylene-Terephthalat)  sample  [10]. 


Fig.  16:  Effect  of  light  scattering  by  crystals 
Left:  amorphous,  right:  crystalline 
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A  prominent  feature  of  polymer  parts  today  is  the  fact,  that  there  is  almost  no  limitation  in  the  color  design.  Therefore, 
influence  of  colors  on  the  welding  process  must  be  analyzed.  Colors  are  generated  by  special  color  agents,  which  influ¬ 
ence  the  optical  properties  in  the  visible  spectral  region.  Unfortunately,  as  indicated  in  Fig.  17,  not  only  the  visible  re¬ 
gion  is  influenced,  but  also  the  near  infrared,  where  the  emission  of  the  diode  lasers  take  place.  The  spectra  of  polyam¬ 
ide  PA6  in  its  natural  form  as  well  as  with  pigments  for  different  colors  [11]  clearly  indicate  a  change  in  the  color, 
which  affects  heavily  absorption,  reflection  and  transmission  in  the  diode  lasers  wavelength  range!  Change  of  the  color 
means  changes  in  the  process  parameters!  Development  of  special  pigments,  which  consider  the  properties  in  the  near 
infrared  spectral  range  is  most  probably  unavoidable  to  face  up  to  this  challenge.  Of  course,  influence  of  the  color  agent 
on  the  optical  properties  depends  on  its  concentration.  Black  color  is  commonly  realized  by  "carbon  black",  i.e.  soot, 
this  is  the  strongest  absorber  material  for  diode  (and  other)  laser  radiation,  but  of  course  only  acceptable,  if  black  parts 
(as  absorbing  partner)  are  suitable.  At  the  moment  different  R&D  projects  focus  on  these  topics,  while  promising  results 
are  expected  already. 


wavelegth  in  pm 


4.3  Mechanical  preconditions  for  laser  polymer  welding 

If  the  parts  to  be  welded  are  put  together,  a  gap  may  be  present  between  the  parts.  This  is  especially  true,  if  large  parts 
and  three  dimensional  seam  geometries  are  considered.  On  the  other  hand,  referring  to  sect.  3.2,  the  heat,  which  is  gen¬ 
erated  in  the  absorbing  partner  must  be  transferred  to  the  non-absorbing  part  by  heat  conduction.  Thus  no  gaps  is  advan¬ 
tageous  for  the  functionality  of  the  process.  If  the  gap  is  too  large,  no  heat  transfer  will  take  place.  This  should  be  con¬ 
sidered  as  early  as  the  parts  are  designed.  A  clever  designed  clamping  tool  to  press  the  parts  together  is  of  course  also 
very  helpful.  The  rather  large  volume  expansion,  if  the  material  is  melted  (see  sect.  4.1)  is  a  considerable  advantage  in 
this  case,  since  it  helps  to  bridge  the  gap  over  a  certain  range.  It  is  rather  hard  to  give  a  clear  number  for  an  acceptable 
gap.  This  depends  very  much  from  the  materials  properties  (see  Fig.  14),  from  the  weld  geometry  and  from  the  absorp¬ 
tion  properties.  It  must  be  taken  into  account  the  volume  expansion  is  the  more  efficient  the  larger  the  volume  of  the 
melt  actually  is.  Therefore,  controlling  the  melt  volume  by  seam  width  and  by  absorption  length,  i.e.  pigment  or  ab¬ 
sorber  concentration,  provides  also  an  opportunity  to  optimize  the  gap  bridging  and  improve  the  welding  [10, 12]. 

5.  CONFIGURATIONS  OF  LASER  POLYMER  WELDING 

Contrary  to  the  well  established  metal  welding  technology,  where  a  standard  set-up  is  employed  for  almost  all  laser 
welding  applications,  different  approaches  are  found  for  the  polymer  laser  weld  technology  [13,  14].  This  is  caused  by 
the  special  properties  of  the  polymers  on  the  one  hand,  but  especially  by  the  special  properties  and  chances  of  the  diode 
laser  technology  on  the  other  hand. 
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5.1  "Vector"  or  "contour"  weld 

The  standard  welding  set-up,  as  very  well  known  from  metal  weld,  is  the  so  laser  beam 

called  "vector  weld"  or  "contour  weld".  In  this  case,  the  focussed  laser  beam  is  i*003*  *P°9 

moved  over  the  materials  surface,  following  the  weld  seam  geometry  (see  transparent  d/gg* 

Fig.  18).  The  laser  source  might  be  a  diode  laser,  either  with  or  without  fiber  poly|ner  absorbing 

coupling  or  also  NdYAG  laser,  with  or  without  fiber,  dependent  on  the  appli-  polymer 

cation.  Typically,  the  laser  power  is  in  the  range  of  10  to  100  W  and  an  / 

xy-handling  system  or  a  robot  is  used  for  moving  the  part.  Welding  speeds 

typically  range  from  2  to  5  m/min,  in  some  cases  up  to  20  m/min.  This  method 

provides  a  simple,  very  flexible,  easy  controllable  and  cost  efficient  method  8eam 

for  laser  polymer  welding.  Most  examples  for  polymer  welding,  which  are 

known  so  far,  have  been  performed  according  to  this  method.  Of  course  opti-  *ecSon 

mal  weld  strength  depends  from  the  welding  parameters  as  can  be  easily  un-  10  Ci  .  >_  r 

,  .  ,  If  .  .  ,  .,  .  v  r ,  ,  .  .  ;  Fig.  18:  Sketch  of  vector  weld  set-up 

derstood.  If  at  a  constant  power  the  velocity  is  too  low,  overheating  resp.  bum- 

ing  and  decomposition  of  the  material  may  occur.  Increasing  speed  improves  the  process  to  an  optimum  but  leads  to 
insufficient  melting,  if  speed  is  too  high.  The  opposite  is  the  case,  if  velocity  is  kept  constant  whereas  power  is  changed, 
insufficient  melting  occurs  if  power  is  too  low,  whereas,  after  an  optimum,  burning  and  decomposition  take  place,  if 
power  is  increase  to  too  high  values.  It  should  be  noted  there  is  no  movement  of  the  parts  against  each  other  during  the 
weld  process,  since  the  material  is  hard,  except  at  the  place,  where  the  laser  beam  is  melting  the  material.  For  process 
reliability  the  online  temperature  measurement  and  power  control  feedback  as  described  in  sect.  2.5  can  be  veiy  well 
applied  in  this  configuration. 


moving^ 

(fraction 


Fig.  18:  Sketch  of  vector  weld  set-up 


5.2  Simultaneous  weld 


laser  dfextes  with  FAC 


The  compact  and  modular  set-up  of  high  power  diodes  lasers  offers  the  possibility 
realizing  a  novel  method  for  generating  high  quality  welds,  the  simultaneous  welding 
process.  Several  high  power  diode  lasers  are  arranged  in  a  way  that  they  irradiate  as  a 
whole  the  entire  weld  seam  contour.  The  joining  of  the  entire  contour  is  obtained 
with  only  one  single-short-time  irradiation.  The  number  of  employed  diodes  depends 
on  the  dimension  of  the  work  piece  resp.  the  seam,  the  required  power  as  well  as  the 
employed  simultaneous  welding  strategy.  The  homogeneity  of  the  intensity  distribu¬ 
tion  over  the  entire  weld  seam  contour  has  to  be  guaranteed  within  a  certain  frame, 
otherwise  areas  of  no  weld,  soft  joining,  good  weld  and  decomposition  alternate.  The 
size  of  the  acceptable  frame  of  deviations  within  the  intensity  distribution  depends  on 
material  properties  as  well  as  weld  seam  geometry  and  design.  Realising  the  simulta¬ 
neous  process  appropriate  laser  beam  guiding  as  well  laser  beam  forming  have  to  be 
performed.  There  lies  the  challenge  in  establishing  the  simultaneous  laser  process. 
There  are  different  strategies  possible  to  realise  simultaneous  welding,  such  as  direct 


Fig.  19:  sketch  of  simulta¬ 
neous  weld 


irradiation  of  the  weld  seam  contour,  using  classic  optical  components,  employing  mask  technology  (see  sect.  5.4)  or 
application  of  fibre  bundles.  At  the  moment,  direct  irradiation  is  the  most  common  method,  since  the  handling  of  so¬ 
phisticated  laser  beam  guiding  and  laser  beam  forming  systems  is  not  well  matured,  so  far.  Applying  direct  radiation, 
the  challenge  consists  in  positioning  the  single  high  power  diode  laser  modules.  Additionally,  the  untreated  intensity 
distribution  of  the  single  diode  laser  modules  has  to  allow  lining  up  the  single  intensity  distributions,  while  avoiding 
inhomogeneities  in  the  intensity  distribution.  Employing  direct  radiation  offers  also  the  possibility  not  generating  an 
closed  weld  seam  contour  but  several  single  joints  at  a  time  (simultaneous  tacking),  such  as  for  large  parts  in  automo¬ 
bile  industry.  The  advantages  of  the  simultaneous  welding  process  are:  (i)  very  short  cycle  times  compared  to  contour 
welding:  (ii)  no  dynamic  motion  system  guiding  the  laser  beam  required,  (iii)  longer  interaction  times  than  contour 
welding  possible  at  still  a  much  higher  throughput  and  (iv)  a  marked  gap  bridging  capability,  since  a  slight  movement 
of  the  parts  becomes  now  possible.  Of  course  these  advantages  have  to  be  paid  off  by  higher  total  laser  power,  by  less 
flexibility  compared  to  contour  weld  and  eventually  by  marked  expenditure  for  special  beam  shaping  components  if 
complex,  round  shaped  parts  are  considered. 


First  systematic  basic  investigations  have  proven  the  supposition  simultaneous  welding  offers  larger  process  windows, 
an  increased  gap  bridging  capability  as  well  as  slightly  higher  weld  strength  than  contour  welding  [12,1 5], 
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5.3  Quasi-simultaneous  weld 

The  same  effect  as  described  in  5.2  can  be  reached,  if  a  focused  laser  in  conjunction 
with  a  fast  galvo-scanning  mirror  system  is  used  (Fig.  20).  If  the  power  is  suffi¬ 
ciently  high  and  scanning  speed  is  fast  enough,  in  fact  so  fast  that  the  heat  loss  is  so 
little,  that  no  re-solidification  occurs,  the  entire  seam  is  softened  as  well,  so  that  a 
quasi-simultaneous  weld  procedure  is  realized.  Compared  to  the  simultaneous  weld 
as  described  in  sect.  5.2,  obviously  this  set-up  offers  higher  flexibility,  since  arbi¬ 
trary  two-dimensional  contours,  i.e.  curved  seams,  can  be  covered.  The  scanning 
device,  however,  limits  the  area  size  to  about 
200  x200  mm2.  Parts,  which  are  obstructing  the  beam 
may  also  cause  a  problem. 

5.4  Mask  weld  configuration 

Another  way  to  circumvent  the  limitation  in  simultaneous 
welding  regarding  the  seam  geometry  is  to  put  a  mask 
between  the  laser  and  the  work  piece,  This  mask  is  con¬ 
formal  with  the  seam,  so  those  places,  which  shall  not  be 
exposed  to  the  laser  radiation  are  protected.  The  lasers 
may  be  assembled,  so  all  open  areas  in  the  mask  are  filled 
simultaneously  or  a  line  scan  can  be  performed  as  shown 
in  the  sketch  in  Fig.  21.  The  process  efficiency,  however 
is  reduced  by  the  fact,  that  power  is  blocked  from  the 
mask  and  thus,  not  used  for  the  process. 


Fig.  20:  Sketch  of  quasi- 
simultaneous 
weld  set-up 


6.  EXAMPLES  FOR  LASER  POLYMER  WELDING 


Even  laser  welding  of  polymers  is  still  a  young  joining  technology,  several  application  have  already  found  transfer  into 
industrial  production.  In  die  following,  real,  technical  components  are  presented,  while  proofing  the  industrial  imple¬ 
mentation  capability  as  well  as  the  advantages  of  a  novel  technology. 


6.1  Filter  housing 


Polymeric  filter  components  in  automotive  industry  are  sometimes 
small  and  contain  several  mechanical  parts.  After  implementing  the 
parts  into  a  housing,  it  has  to  be  hermetically  sealed,  while  guarantee¬ 
ing  water  tightness  as  well  as  no  sticking  or  squeezing  of  the  me¬ 
chanical  parts.  In  this  case,  overlap  joint  geometry  is  applied  for  the 
welding,  while  the  laser  penetrates  the  circulating  collar  of  the  trans¬ 
parent  joining  partner.  The  joining  takes  place  within  an  automatic 
assembly  cell  consisting  mainly  of  a  robot,  a  high  power  diode  laser 
system,  a  clamping  device,  a  process  monitoring  system  as  well  as  a 
joining  parts  reservoir.  Within  the  arm  of  the  robot  the  grabbing  de¬ 
vice  and  the  laser  head  are  integrated.  The  laser  radiation  is  coupled 
into  a  glass  fibre  and  focused  onto  the  work  piece  area  by  means  of 
an  optical  system.  The  robot  guides  the  focus  spot  along  the  joining 
contour.  Application  of  pyrometer  technology  permits  process  moni-  R&_22:  Filter  cases  of  motor  vehicle 
taring  guaranteeing  a  reproducible  process,  while  adapting  laser  (Material.  Polyamide  (PA)) 

power  or  feed  rate  to  weld  seam  properties  avoiding  high  temperatures  causing  decomposition.  A  pneumatic  clamping 
device  is  automatically  loaded  and  unloaded  by  means  of  the  grabbing  device.  The  gentle  laser  welding  process  takes 


about  2  seconds  and  results  in  a  form  fitting  as  well  as  high-grade  welding  quality. 
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6.2  Polymeric  spectacles 

Polymers  replace  commonly  applied  materials  because  of  several  ad¬ 
vantages  such  as  low  weight  and  less  costs.  For  instance,  glasses  of 
spectacles  which  are  made  of  highly  transparent  polymers,  such  as 
PMMA  or  PC.  Joining  the  polymeric  glasses  and  bridge  or  ear  piece 
can  be  realized  by  laser  polymer  welding. 


Fig.  23:  Laser  welded  polymer  spectacles 
(Material:  Poly-carbonate  (PC)) 

6.3  Key-less  go-card 

Due  to  the  increasing  implementation  of  electronics  in  auto¬ 
mobiles,  also  electronic  locking  and  security  systems  have 
entered  automotive  industry.  For  example,  die  key-less  go- 
card,  which  is  a  kind  of  electronic  key  in  check  card  format. 

Within  this  card  sensitive  electronic  components  are  imple¬ 
mented.  These  would  be  either  mechanically  or  thermally 
destroyed  by  employing  conventional  welding  technologies. 

Therefore,  it  has  been  the  goal  welding  the  joining  partners 
water  tight,  while  avoiding  any  damage  of  the  inherent  com¬ 
ponents.  The  process  of  overlap  laser  welding  allows  a  defined 
local  and  temporal  energy  input.  It  should  be  mentioned  here, 
both  parts  are  black  for  the  human  eye.  However,  whereas  the 
bottom  (absorbing)  part  is  made  black  conventionally  by  car¬ 
bon  black,  special  "black"  pigments  are  used,  which  are  trans¬ 
parent  in  the  spectral  range  of  the  diode  laser.  The  laser  energy 
is  absorbed  within  a  layer  of  about  100  pm  within  the  joining 
area.  Both  joining  partners  are  placed  in  their  final  position  before  the  process  starts.  They  are  not  influenced  by  any 
uncontrolled  heat  or  mechanical  vibrations.  Additionally,  both  joining  partners  appear  black  to  the  human  eye.  How¬ 
ever,  by  using  a  black  but  laser  transparent  pigmentation,  the  over  lap  process  has  been  realized.  Both  halves  of  the  card 
could  be  joined  absolutely  water  tight,  with  no  harm  to  the  electronic  components,  while  meeting  the  mechanical  de¬ 
mands  [14]. 

6.4  Simultaneously  welded  test  samples 

The  simultaneous  welding  process  is  still  in  an  early  stage,  but  investigated  in  research  projects  intensively;  among 
other  potential  diode  laser  applications  this  technology  is  also  part  of  the  work  in  the  German  national  research  project 


Fig.  24:  key-less  go-card  with  integrated  electronic 
components  (Material:  Polyamid  (PA)) 


Fig^.25.  Setup  for  simultaneous  polymer  Fig.  26:  Simultaneously  welded  water  tight 

welding  of  rectangular  boxes  boxes  (Material:  poly-propylene  (PP)) 
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MDS3  (=  Modulare  Diodenlaser  Strahlwerkzeuge).  Employing  direct  irradiation  using  six  individually  controllable 
high  power  diode  laser  modules,  as  shown  in  Fig.  25  the  depicted  test  sample  could  be  hermetically  welded.  The  weld 
seam  length  is  about  120  mm  in  total,  while  the  welding  takes  place  within  0,5  seconds.  The  weld  has  been  water  tight 
and  withstands  a  burst  pressure  of  8  bars  [15].  The  test  sample  is  just  a  dummy  for  initial  investigation,  while  obtaining 
first  systematic  results  of  the  simultaneous  process.  However,  the  test  sample  is  acting  as  a  representative  for  similar 
applications  in  electronics,  automotive,  communication  technologies. 

6.5  Welding  of  large  parts:  Polymeric  pump  housing,  polymeric  windows 

Besides  small  parts  also  middle  size  as  well  as  large  parts  can  be  welded.  Fig.  26  shows  a  polymeric  pump  or  turbine 
housing  of  POM  (Poly-oxymethylene)  joined  by  contour  welding.  A  larger  product  is  represented  by  a  laser  welded 
polymer  window  (Fig.  27).  The  entire  weld  seam  length  is  about  180  cm.  Within  the  frame  two  transparent  window 
screens  are  welded  by  laser  radiation.  Employing  a  100  W  line-shaped  laser  spot  feed  rates  up  to  20  m/min  were  real¬ 
ized.  Foimer,  the  joint  has  been  realized  by  gluing,  which  has  had  several  disadvantages  such  as,  higher  number  of 
manufacturing  processes,  contamination  of  the  work  place,  cleaning  of  polluted  air,  costs.  Furthermore,  the  welded 
windows  can  be  directly  shipped  to  the  customer  after  joining,  while  glued  windows  needs  several  hours  of  setting  time, 
which  corresponds  to  additional  store  room  [12]. 


Fig.  27:  Polymeric  pump  or  turbine  housing  Fig.  28:  Diode  laser  welded  plastic  window 

(Material:  Poly-Oxy-Methylene  (POM))  (Material:  Acryl-Butyl-Styrol  (ABS)  / 

Poly-Methyl-Methacryat  (PMMA)) 


7.  CONCLUSION 

Polymer  welding  with  diode  lasers  is  an  emerging  technology,  which  offers  severa  advantages  over  existing  technolo¬ 
gies  and  which  has  a  high  potential  as  an  supplemental  method,  especially  in  those  cases,  where  sensitive  electronic 
parts,  fine  structures  or  the  necessity  of  absolute  cleanliness  prohibits  conventional  ultrasonic  or  vibration  methods. 
However,  considerable  work  has  still  to  be  done,  especially  in  polymer  and  pigment  technology  to  develop  materials, 
which  are  optimized  for  the  laser  welding  process. 
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ABSTRACT 

This  paper  presents  results  on  machine  and  process  development  for  laser  welding  of  surface  mounted 
devices  (SMD)  on  thermal  resistant  polymer  based  molded  interconnect  devices  (MID)  with  copper  layers  of 
35  pm  and  70  pm  thickness.  Characteristics,  advantages  and  problems  of  this  technology  are  shown  and 
possibilities  to  achieve  reproducible  results  are  discussed.  The  investigations  are  carried  out  with  pulsed 
Nd:YAG-lasers  with  a  maximum  average  power  of  300  W.  Additionally,  a  process  control  concept 
evaluating  the  reflected  process  radiation  is  discussed. 


1.  INTRODUCTION 

In  many  fields  of  automotive  and  measurement  technology  there  is  an  increasing  trend  to  integrate 
electronic  functions  in  sensor  and  actuator  systems,  which  are  exposed  to  environment  temperatures  of  more 
than  150  °C.  This  integration  generates  the  need  for  components  which  combine  complex  mechanical 
functions  with  electronic  ones.  Here,  the  MID  technology  is  a  very  suitable  way  to  generate  such  parts 
(Figure  1).  Polyimide  with  its  long  term  temperature  resistance  of  270  °C  is  therefore  a  suitable  substrate 
material  [3].  Moreover,  polyimide  has  a  sufficient  adhesion  for  copper.  The  three-dimensional  shape 
however  causes  problems  using  conventional  soldering  processes. 

For  all  this  reasons,  selective  joining  processes  like  laser  welding  provides  an  effective  and  promising 
solution  [1,2].  Laser  welded  contacts  present  high  mechanical  and  thermal  strength  [4,5].  Moreover,  the  heat 
affected  zone  is  minimized  and  even  positions  on  the  MID,  that  are  not  accessible  with  conventional 
soldering  processes  can  be  processed  by  laser  welding.  Since  the  laser  welding  process  requires  no  solder, 
there  is  no  need  for  an  additional  work  cycle  and  the  pollution  of  the  environment  is  avoided. 
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Figure  1:  Example  of  a  3-dimensional  molded  interconnect  device  (3-D  MID)  710/ 


2.  MACHINE  DESCRIPTION 

To  meet  the  requirements  of  laser  welding  processes,  a  flexible  machine  set  up  (Figure  2)  was  chosen  and 
realized  at  the  Laser  Zentrum  Hannover  e.V.  Three  infrared  lasers  with  an  average  power  from  10  W  up  to 
300  W  were  integrated  in  the  system.  For  the  investigations,  a  fiber  coupled,  pulsed  Nd:YAG  laser  with  a 
maximum  average  power  of  220  W  is  used.  The  optical  path  consists  of  two  main  components:  The  working 
head,  that  includes  a  precise  focussing  optic  and  a  coaxial  gas  supply,  enables  even  micro-welding  processes 
such  as  laser  bonding  due  to  a  minimum  beam  diameter  of  less  than  20  pm.  The  scanner  optic  with  a 
100  mm  f-theta  focussing  lens  provides  a  very  fast  and  flexible  machining  of  devices  which  do  not  require  a 
positioning  accuracy  of  less  than  10  pm.  The  changing  between  working  head  and  scanner  and  even  the 
selection  of  the  laser  source  is  realized  by  motor  driven  flip  mirrors. 

The  workpiece  is  moved  by  a  high  precision  x-y-z  stage  with  an  accuracy  of  +/- 1  pm  and  an  optional 
rotation  stage.  The  travel  of  the  x-axis  allows  the  machining  of  workpieces  under  the  scanner  as  well  as 
under  the  precision  working  head  in  the  same  fixture. 

The  monitoring  systems  are  used  for  positioning  and  assessment  of  the  workpieces.  The  scanner  system 
has  an  off-axis  camera  for  positioning  the  samples.  The  working  head  is  equipped  with  a  coaxial  monitoring 
system  that  provides  a  high  accuracy.  Additional  to  the  camera  system,  a  binocular  is  adapted. 
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I  Bench 

3  Nd:YAG  laser 
5  Working  head 
7  Monitoring  system 
9  Axis  control 

II  Gas  supply 


2  Laser  control 
4  Optical  path 
6  Scanner 
8  Axis 
10  Enclosure 
12  Control  panel 


Figure  2:  Machine  set-up  for  micro  welding 


3.  INVESTIGATIONS 

The  emphasis  of  the  investigations  is  laid  on  laser  welding  of  surface  mounted  devices  on  circuit  boards. 
The  SMDs  consist  of  a  polymer  housing  and  leads  of  CuFe2P.  Due  to  the  required  temperature  resistance, 
polyimide  is  chosen  as  substrate  material  for  the  circuit  boards.  The  thickness  of  the  copper  layers  is  35  and 
70  pm. 

Characteristics  and  problems  of  laser  welding  of  electronic  components  are  shown  in  Figure  3.  As 
mentioned,  laser  welding  is  an  adequate  process  due  to  high  mechanical  and  thermal  strength  of  the  joint  and 
low  thermal  stress  on  the  components  because  of  the  local  heat  supply. 

On  the  other  hand,  problems  using  laser  welding  of  SMD  are  caused  by  geometrical  and  material 
properties.  Inaccuracies  in  SMD  fabrication  entail  gaps  and  angles  between  the  lead  of  the  SMD  and  the 
copper  layer.  This  causes  varying  thermal  conditions  in  the  contact  zone  during  welding.  Another  point  is  the 
high  reflection  and  the  variable  absorption  due  to  oxidation  or  surface  irregularities. 

The  high  thermal  conductivity  of  the  copper  layer  of  only  35  pm  thickness  and  the  high  melting  point  of 
copper  of  1083  °C  require  local  process  temperatures  that  are  higher  than  the  short  term  temperature 
resistance  of  the  polyimide  substrate  of  only  400  °C.  For  this  reasons,  the  reproducibility  of  the  process  is 
limited  to  a  narrow  process  window. 
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contact 


Figure  3:  Characteristics  and  problems  of  laser  welding  of  electronic  components 


A  successful  joining  process  requires  a  certain  amount  of  energy  to  be  absorbed  by  the  surface  of  the  lead. 
The  way  the  energy  is  brought  into  the  material  can  be  influenced  by  the  laser  parameters  like  pulse  duration, 
pulse  shape,  number  of  pulses,  pulse  repetition  rate  and  focal  position. 

In  dependence  of  the  losses  due  to  heat  conduction,  the  welding  depth  is  proportional  or  slightly 
degressive  with  increasing  pulse  duration  at  constant  laser  power.  At  a  short  pulse  duration  of  1  ms,  the  pulse 
power  has  to  be  increased  in  order  to  provide  the  required  energy.  This  leads  to  deep  welding  or  drilling.  At  a 
pulse  duration  of  10  ms  with  the  same  pulse  energy,  a  proper  joint  between  the  lead  and  the  copper  layer  can 
be  realized,  but  the  polyimide  substrate  is  damaged.  The  high  heat  conductivity  causes  process  temperatures, 
higher  than  the  thermal  resistance  of  the  substrate.  The  optimization  of  the  process  results  in  a  pulse  duration 
in  the  range  of  5  ms. 

The  pulse  shape  shows  minor  influence  on  this  process  during  the  investigations.  This  can  be  explained 
by  the  dominating  effects  of  varying  absorption  caused  by  surface  irregularities  or  changing  thermal 
conditions  due  to  gaps.  In  order  to  achieve  a  more  constant  absorption  the  number  of  pulses  and  the  pulse 
repetition  rate  were  varied.  But  by  this,  no  improvement  could  be  reached.  The  high  amount  of  energy  that  is 
brought  into  the  material  leads  to  ablations  of  the  copper  layer  from  the  polyimide. 

The  influence  of  the  pulse  energy  on  the  quality  of  a  laser  welded  contact  is  shown  in  Figure  4.  Both 
contacts  are  single  pulse  welded.  The  focal  plane  is  at  the  surface  of  the  lead.  Thus,  there  results  a  spot 
diameter  of  200  pm.  The  left  joint  shows  an  incomplete  connection  due  to  an  insufficient  pulse  energy.  The 
right  lead  is  very  good  connected  to  the  copper  layer.  Peel  tests  have  also  shown  that  the  adhesion  of  the 
copper  layer  and  the  polyimide  is  still  as  high  as  of  the  basic  material. 
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Figure  4:  Influence  of  pulse  energy  on  joint  quality  of  SMD 


b)  Q  =  4.3  J 


This  undamaged  contact  zone  is  shown  in  the  cross  section  of  the  laser  welded  components  in  Figure  5. 
The  structure  of  the  copper  layer  shows  a  good  mixture  with  the  components  of  the  lead  material. 
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Figure  5:  Cross  section  of  laser  welded  SMD  on  circuit  board 
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The  previous  results  show,  that  one  of  the  most  essential  need  is  to  increase  the  reproducibility  of  the 
welding  process.  Therefore,  a  process  control  system  is  used.  The  set  up  of  the  system  is  shown  in  Figure  6. 
The  process  radiation  emitted  by  the  welding  process,  is  measured  by  a  photoelectric  sensor.  Process 
radiation  is  emitted  in  several  directions  from  the  welding  zone.  A  part  of  this  radiation  is  reflected  and 
emitted  through  the  lens  system  and  the  optical  fiber.  A  beam  splitter  reflects  a  defined  part  of  the  radiation 
onto  the  optical  sensor  [8,9]. 

The  measured  signal  is  influenced  by  several  process  parameters  such  as  laser  power,  optical  components, 
focal  position,  material  and  gap  width.  If  the  welding  process  is  optimized,  a  reference  signal  is  recorded. 
Welding  defects  can  be  detected  by  differences  between  the  process  signal  and  the  reference  signal. 


Figure  6:  Set  up  of  the  process  control  system  ProWatcher  Pulse 


The  process  signal  during  laser  welding  of  a  lead  on  a  circuit  board  is  shown  in  Figure  7.  All  process 
parameters  that  influence  the  measured  signal,  like  laser  power  or  focal  position  are  constant.  Only  the  gap 
width  between  the  lead  and  the  copper  surface  is  varied  from  0  pm  to  100  pm  in  steps  of  20  and  30  pm.  The 
diagram  shows  a  similar  characteristic  for  gap  widths  of  50  pm  and  less.  With  increasing  gap  width,  a 
significant  peak  in  the  process  signal  is  measured  for  the  values  of  70  pm  and  100  pm. 
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The  sudden  increase  of  signal  is  caused  by  the  increasing  heat  radiation  of  the  process.  Doe  to  the 
increasing  gap,  the  thermal  conditions  have  changed  and  the  heat  transfer  is  reduced.  This  results  in  higher 
process  temperatures  and  the  destruction  of  the  substrate  material. 
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Figure  7:  Process  radiation  signal  with  respect  to  gap  with 

To  avoid  these  gaps  between  lead  and  copper  layer,  an  appropriate  clamping  device  has  been  developed 
(Figure  8).  Furthermore,  the  geometry  is  designed  to  allow  a  better  heat  transfer  from  the  lead  into  the  clamp. 
This  leads  to  a  more  homogeneous  thermal  situation  and  helps  avoiding  that  the  thermal  resistance  of  the 
substrate  material  is  exceeded. 

Investigations  have  shown  that  contact  forces  from  8  to  10  N  are  necessary  with  this  set  up  to  optimize 
clamping  conditions.  Before  clamping,  all  leads  were  pre-bended  to  an  angle  of  3  to  5  degrees  in  order  to 
achieve  regular  results.  Due  to  the  reduction  of  gaps  it  will  now  be  possible  to  focus  on  the  of  influence  of 
absorption  on  the  laser  welding  process.  In  further  investigations  this  influence  has  to  be  determined  and 
measured  by  process  control  in  order  to  improve  the  process  reliability. 
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Picking  up  SMD  by  vakuum 

Positioning  and  clamping  for  laser  process 

Figure  8:  Clamping  device  for  laser  welding  of  SMD 


4.  CONCLUSIONS 

Laser  welding  is  a  suitable  technique  for  joining  electronic  components.  Temperature  resistant  contacts 
with  high  mechanical  strength  can  be  realized.  Even  positions  on  MIDs,  that  are  not  accessible  with 
conventional  soldering  processes  can  be  processed.  Since  the  laser  welding  process  requires  no  solder,  there 
is  no  need  for  an  additional  work  cycle  and  pollution  of  environment  is  avoided. 

Problems  of  laser  welding  of  SMD  are  caused  by  geometrical  and  material  properties.  Gaps  between  the 
leads  of  the  SMD  and  the  copper  layer  as  well  as  the  high  reflection  and  the  variable  absorption  due  to 
oxidation  or  surface  irregularities  result  in  a  non-stable  process. 

The  detection  of  welding  defects  with  a  process  control  system  that  measures  the  emitted  radiation  has 
shown  promising  results.  Nevertheless,  reproducibility  has  to  be  increased  and  guaranteed  by  improved 
closed-loop  process  control  systems. 
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Laser  welding  of  plastics  transparent  to  near-infrared  radiation 
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ABSTRACT 

This  paper  deals  with  a  development  of  laser  welding  of  colored  plastics.  Welding  of  thermoplastics  using  near-infrared 
lasers  has  been  seen  in  wide  industrial  application.  Most  of  thermoplastics  are  transparent  to  near-infrared  laser.  Particular 
characteristic  of  near-infrared  laser  radiation  has  the  ability  to  heat  the  interface  between  the  transparent  part  and  absorbent 
one  colored  with  pigments.  However,  it  is  difficult  to  weld  a  pair  of  transparent  materials  by  a  laser  beam,  since  there  is  no 
absorption  region  within  them,  in  this  paper,  the  influence  of  near-IR-transparent  plastics  on  the  yield  strength  of  their 
weldments  has  been  studied:  various  colored  plastics  transparent  to  diode  laser  radiation  were  tested  as  the  welding 
material.  The  heat  transfer  within  a  welding  system  was  also  analyzed  and  assessed  the  appropriate  absorptivity  and 
transmittance  of  overlapping  colored  plastic. 


1.  INTRODUCTION 

Laser  welding  of  plastics  is  now  important  in  many  industrial  applications  [1,2].  Some  feasibility  studies  of  welding  for 
plastics  have  been  conducted  theoretically  and  experimentally  so  far  [3-8],  Laser  welding  of  plastics  has  a  few  advantages 
to  compare  with  friction  welding  with  ultrasonic  vibration  such  as  a  rapid  and  accurate  weld  bonding  with  a  well  controlled 
movement  of  laser  beam,  a  hygienic  clean  process  by  non-contact  heating  and  an  appropriate  process  for  sensitive  electrical 
devices  [6],  The  CO,  laser  [output  wavelength=  10.6pm],  Nd:YAG  laser  [  1 ,06pm]and  diode  laser  [800~950nm]  are  mainly 
used  in  polymer  welding.  The  prerequisite  condition  for  laser  welding  is  that  a  thermoplastic  workpiece  absorbs  an  irradiated 
energy,  and  it  generates  heat.  Most  thermoplastics  have  high  absorption  bands  in  far-infrared  wavelength  region  like  C02 
laser  beam,  but  tend  to  be  transparent  to  near-infrared  radiation.  Therefore,  in  order  to  utilize  a  diode  laser  for  welding, 
some  dye  or  pigments  absorbing  near-infrared  radiation  are  necessary  to  be  added  to  polymers.  These  radiation  properties 
of  polymer  are  able  to  be  applied  to  a  remarkable  welding  for  polymers.  Two  polymer  substrates,  one  of  which  is  transparent 
to  and  another  of  which  is  opaque  to  a  radiation  beam,  are  overlapped,  and  the  laser  beam  is  radiated  from  the  transparent 
one.  The  radiated  energy  is  converted  into  heat,  and  welding  is  achieved.  Further,  most  plastic  have  a  characteristic  of  high 
transparency  for  near-infrared  radiation,  but  not  always  transmit  visible  ray.  Therefore,  a  use  of  a  colored  plastic  that  is 
opaque  to  visible-ray  for  the  transparent  part  of  near-infrared  laser  welding  is  realized.  In  this  paper,  by  using  the  pigments 
those  are  transparent  to  the  near  infrared  radiation,  the  characteristics  of  overlapping  welding  of  thermoplastics  of  various 
colors  and  the  influence  of  the  transmittance  of  colored  and  clear  plastics  on  the  yield  strength  of  their  weldments  have 
been  studied  experimentally.  Moreover,  the  influence  of  not  only  the  transmittance  but  also  absorptance  of  overlapping 
colored  plastics  was  discussed  by  numerical  calculated  temperature  distributions  within  the  weldements:  the  degree  of 
possible  allowing  absorption  of  transparent  plastics  was  confirmed. 


NOMENCLATURE 


c  :  specific  heat  [J/kgK] 
d  :  laser  beam  diameter  [mm] 

F  :  yield  strength  of  w'eldment  [MPa] 
H  :  thickness  [mm] 
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/  :  irradiation  intensity  [W/mm2] 
k  :  thermal  conductivity  [W/mK] 
q :  heat  generation  due  to  the  radiation  absorption  [W/m2] 
T  :  temperature  [°C] 

U  :  welding  speed  [mm/s] 

W :  width  [mm] 
x,y  :  coordinate  [mm] 

P :  absorption  coefficient  [nr1] 

X  :  wavelength  [nm] 
p :  density  [kg/m!] 

Subscripts 
0  :  initial 

i  :  lam  inur  number  of  weldment 
p :  weldment 

t  :  transparent  plate  for  clamping 


2.  EXPERIMENTAL  SETUP  AND  PROCEDURE 

The  principles  and  setups  of  the  welding  process  employed  in  this  study  are  illustrated  in  Fig.  1 .  In  the  first  case,  a  welding 
procedure  in  Fig.(a)  belongs  to  the  conventional  welding  for  the  combination  of  “transparent”  and  “opaque  with  pigment” 
substrates  (Type-A,  the  base  material  of  work  piece:  Polystyrene(PS)).  An  additive-free  transparent  plastic  plate  is  placed 
on  the  top  and  three  kinds  of  opaque  plastic  substrates  colored  with  some  pigments  (white,  gray  and  black)  are  placed  as 
the  bottom  in  different  three  experiments  (Table  1  pigments  loading:  1  wt.%).  They  are  set  under  a  constant  clamping 
pressure.  The  laser  beam  transmitted  through  the  upper  substrates  is  absorbed  within  the  thin  surface  layer  of  the  pigmented 
one. 

Second,  Fig.  1  (b)  shows  the  case  of  welding  of  “colored  transparent”  and  “opaque”  parts  (Type-B,  the  base  materials  of 
workpiece:  PS).  The  upper  part  is  a  colored  plastic  substrate  with  some  pigments  those  are  transparent  to  a  near  infrared 
beam  and  the  second  part  is  an  infrared-absorbing  black-pigmented  plastic  one  (with  carbon-black).  The  former  is  nearly 
visibly  opaque  but  transparent  to  diode-laser  wavelength  radiation.  Therefore  overlap  joints  can  be  realized  like  the  Type- 
A  welding.  Using  above  pigments,  thermoplastics  of  various  colors  were  tested. 

A  diode  laser  system  was  used  in  the  polymer  welding  experiments.  It  consisted  of  a  35  W  diode  laser  (JOL-S  35,  Jenoptik), 
a  beam-condensing  unit  connected  to  laser  by  an  optical-fiber  cable  and  a  numerically  controlled  X-Y  table  as  shown  in 
Fig.2.  The  wavelength  of  the  diode  laser  used  in  this  study  is  808nm. 

The  sizes  and  shapes  of  the  welded  workpieces  are  shown  in  Fig.3.  The  PS  substrate,  10mm  in  width.  100mm  in  length  and 
2mm  thickness  was  used  in  the  Type-A  and  Type-B  welding  shown  in  Fig.3.  The  optica!  characteristics  of  polymer  used  in 
the  experiment  near-infrared  wavelength  were  measured  for  each  specimen. 

The  welding  possibility  of  each  combination  was  evaluated  with  the  yield  strength  test.  The  yield  strengths  of  welded  parts 
were  measured  using  a  tensile  strength  test  machine.  The  shear  stress  is  loaded  in  the  welded  part  in  the  strength  test  as 
shown  in  Fig.4.  When  welding  is  not  completely  pursued,  separation  at  the  interface  of  weld  part  must  occur.  But  when 
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welding  is  completely  done,  the  welded  part  is  some  times  stronger  than  the  base  polymer  substrates;  in  this  case,  the  base 
substrates  are  broken. 


3.  RESULTS  AND  DISCUSSION 

Figure  5  shows  the  transmittance  of  polymeric  substrates,  0.2mm  in  thickness  vs.  the  wavelength  used  in  the  Type-A 
welding.  An  additive-free  transparent  PS  substrate  has  high  transmittance  at  near-infrared  region.  On  the  other  hand,  the 
pigmented  (white,  gray  and  black)  plastics  do  not  transmit  a  near-infrared  radiation  at  all.  Both  black  and  gray  pigments 
contain  fine  carbon  black  particles;  therefore  the  materials  colored  with  them  have  high  absorption  for  infrared  radiation. 
The  white-pigmented  plastic  sheet  almost  scatters  the  near-infrared  radiation. 

Welding  tests  were  conducted  by  the  workpieces  as  shown  in  Fig.3.  Welding  took  place  at  the  interface  between  welded 
plastic  parts,  and  no  unfavorable  phenomena  took  place  at  all  in  the  other  part  of  substrate  in  the  case  of  gray  or  black 
absorbing  ones.  But  no  welding  was  carried  out  in  the  case  using  white-pigmented  work  piece;  it  was  due  to  absence  of  the 
absorbing  constituents  within  white  pigment.  Figure  6  shows  the  influence  of  irradiation  intensity  on  the  yield  strength  of 
weldments  and  welding  conditions.  The  result  shows  that  the  welded  part  in  the  case  of  gray  pigment  is  somewhat  less 
strength  than  the  one  in  black  one,  because  the  latter  includes  TiO,  that  scatters  the  infrared  laser  radiation.  It  is  seen  from 
Fig-6  that  the  yield  strength  increases  in  proportional  to  irradiation  intensity.  Referring  to  the  case  of  black  pigment,  the 
intensity  of  the  yield  strength  increases  with  increasing  the  radiation  intensity  until  /=4.88[ W/mm2]  but  decreases  over  that 
point.  This  is  considered  as  degradation  of  polymer  material  caused  by  overheating. 

Next,  the  welding  experiments  were  carried  out  using  not  the  substrates  those  are  transparent  to  visible  ray  but  the  parts 
colored  with  pigments.  Since  there  are  many  colorants  of  which  the  dispersion  and  deposition  are  bad  for  amorphous 
polymers,  it  was  difficult  to  color  the  transparent  material  like  PS  using  the  pigments  which  show  the  transparency  to  the 
near-infrared  radiation.  In  this  paper,  with  the  aim  of  making  laser  transmission  welding  wide  and  applicable  for  various 
resin  material,  the  pigments  as  the  three  primary  colors  (blue:  phthalocyanine,  red:  peiylene  and  yellow:  azo)  which  have 
the  sufficient  characteristic  of  near-infrared  transparency  were  used  to  overcome  such  problem.  The  white  pigment  (TiO,) 
was  also  used  as  another  colorant.  By  the  mixture  of  these  pigments,  the  substrates  of  nine  colors  were  prepared.  The 
transmittance  of  tested  workpieces  (2mm  thickness)at  /=808nm  are  shown  at  Table  2.  The  light-colored  workpieces  showed 
high  transmittance  but  the  dark-colored  workpieces  showed  low  transmittance.  However,  it  is  possible  for  the  upper 
transparent  workpiece  to  weld  them  with  the  infrared  absorbing  workpiece  if  it  posses  the  transmittance  of  at  least  5[%] 
(See  Table  2). 


4.  NUMERICAL  SIMULATION 

Temperature  distribution  in  a  model  welding  system  is  numerically  estimated.  We  consider  a  semi-infinite  workpiece 
subjected  to  laser  irradiation  /  of  radius  a.  The  geometry  of  laser  welding  system  is  shown  in  Fig.8.  The  weldments:  a  pair 
of  transparent  and  absorbing  (black  colored)  PS  workpieces  are  pressed  between  the  transparent  PMM  A  plates.  In  this 
simulation,  we  consider  that  the  laser  beam  remains  stationary  while  the  workpiece  travels  at  a  constant  velocity  U  in  the 
negative  *  direction.  The  origin  of  the  stationary  coordinates  coincides  with  the  point  heat  source. 

After  heat  has  been  emitted  for  a  long  time,  the  heat  transfer  in  welding  adopted  in  our  experiment  can  be  considered  as  a 
two-dimensional  steady  conduction  problem.  Most  polymer  materials  have  very  low  heat  diffusivities,  and  no  effect  of 
heat  conduction  from  the  welding  spot  to  the  other  part  where  laser  beam  is  not  radiated  is  considered. 
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In  this  simulation,  we  adopted  two  kinds  of  semitransparent  body:  one  reflects  and  transmits  a  radiation  beam  without  any 
absorption  (Type-1:  T=20.1,  30.1  and  45.0  [%];  £=0);  another  one  reflects,  absorbs  and  transmits  it  as  the  upper  PS 
workpiece  for  welding  (Type-2:  T=20. 1 , 30. 1  and  45.0  [%];  £=800, 600  and  400,  respectively).  The  influence  of  absorptivity 
of  the  upper  workpiece  on  the  heating  at  the  interface  between  the  weldments  was  examined. 

The  governing  equations  can  be  written  as: 

Conservation  of  thermal  energy  in  the  top  and  bottom  transparent  PMMA  plates; 


rrdT  ,  (d2T  d2T 
pTcTU  — —  =  k,  -T  +  -T 
dx  \8y8y 


Conservation  of  thermal  energy  in  the  welded  workpieces; 


rr  ,  |  d2T  d2T 


Primarily,  the  heat  transfer  in  the  case  of  the  welding  of  transparent  workpiece  without  absorbing  element  and  black 
colored  one  was  simulated.  Figure  9  shows  the  temperature  distribution  within  the  welded  plastics  in  the  vertical  direction 
at  x=0.  The  maximum  temperature  emerges  in  the  black  colored  a  little  apart  from  the  interface.  In  the  upper  workpiece, 
the  temperature  rise  was  observed  only  in  the  vicinity  in  the  interface  and  was  proportional  to  the  transmittance  of  it. 

Secondary,  the  influence  of  absorption  within  the  upper  workpiece  on  the  temperature  rise  at  the  interface  was  examined. 
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The  temperature  distribution  within  the  welded  plastics  in  this  case  is  shown  in  Fig.  10.  The  maximum  temperature  emerges 
in  the  black  colored  a  little  apart  from  the  interface,  too;  meanwhile,  the  temperature  at  around  the  irradiated  surface  rose 
being  proportional  to  the  absorption  coefficient.  In  the  case  of  the  application  of  the  upper  workpiece  having  too  much 
absorptivity,  the  temperature  rise  occurs  excessively  there  then  the  surface  of  it  melts  before  welding  is  performed  at  the 
interface.  There  seems  to  be  the  adverse  effect  for  welding,  but  this  result  also  has  the  useful  aspect.  If  the  upper  workpiece 
has  moderate  absorptivity  to  near-infrared  radiation  not  showing  melting  at  the  surface,  it  can  be  heated  at  the  interface  in 
advance  for  welding  (See  Fig.  1 1). 


5.  CONCLUSION 

The  characteristics  of  overlapping  welding  of  thermoplastics  of  various  colors  and  the  influence  of  the  transmittance  of 
colored  and  clear  plastics  on  the  yield  strength  of  their  weldments  have  been  studied  experimentally  and  numerically.  The 
effect  of  radiant  heating  on  the  temperature  profile  within  the  welded  plastics  was  numerically  estimated,  and  it  was 
confirmed  that  each  procedure  examined  is  feasible  as  laser  transmitting  welding.  The  influence  of  not  only  the  transmittance 
but  also  absorptivity  of  overlapping  colored  plastics  was  discussed  by  numerical  calculated  temperature  distributions 
within  the  weldements;  the  degree  of  possible  allowing  absorption  of  transparent  plastics  was  confirmed. 
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Tension 


Fig.3  Shape  and  size  of  welded  workpiece 
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Fig.  5  Transmittance  of  the  pigmented  PS  substrates 


Fig.4  Tensile  stress  measurement 


Table  2  Transmittance  and  Welding  ability  of  pigmented 
workpieces 


Color 

Transmittance  [%]at  808nm 

Welding 

White 

1.7 

0 

Red 

36.9 

0 

Yellow 

90.3 

0 

Blue 

24.3 

0 

Violet 

9.6 

0 

Green 

285 

0 

Brown 

17.1 

0 

Black- 1 

7.2 

0 

Black-2 

2.4 

X 

Fig.6  Yield  strength  of  Type-A  weldments 


Fig. 7  Influence  of  transmittance  of  upper  workpiece  on  w  elding 
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Table  3  Welding  conditions  for  numerical  simulation 


Initial  temperature  [C] 

27 

Irradiation  intensity  [W/mm2] 

3.2 

Laser  beam  diameter  [mm] 

2.0 

Thickness  of  plastic  substrates  [mm] 

2 

Welding  speed  [mm/s] 

30 

Length  of  weldment  [mm] 

40 

Absorption  coefficient  of  Absorbing 

workpiece  (at  808nm)  [m'1] 

40000 

Table  4  Dimensions  of  the  computational  domain  and  size  of  control  volumes 


x  direction 

y  direction 

Top  PMMA  plate 
Transparent  PS  workpiece 
Absorbing  PS  workpiece 
Bottom  PMMA  plate 

L=40mm,  200div. 
L=40mm,  200div. 
L=40mm,  200div. 
L=40mm,  200div. 

H=7mm,  50div. 
H=2mm,  50div. 
H=2mm,  50div. 
H=7mm,  50div. 

Fig.8  A  model  of  numerical  calculation  of  heat  transfer  within 
the  welded  plastics 


Radiation  beam 


~,v — 's — ^ ^ — v  v 

a 

2 

X 

Y 

U 

^ _ 

<  A 

CL 

x  i 

(Workpiece  (absorbing)l 

s. 

x  V 

■nHnnnn 

A 

s 

X 

_ V 

Fig.9  Temperature  profile  within  the  welded  plastics  (Type-1) 


Laser  irradiation 
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Laser  irradiation 


Fig.  10  Temperature  profile  within  the  welded  plastics  (Type-2) 


Laser  irradiation 


Fig.  1 1  Influence  of  absorption  of  upper  workpiece  on  the 
temperature  rise  at  the  interface 
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pulse  duration  range. 


Laurent  Berthe3* ,  Delphine  Delage3.  Didier  Lepretre3,  Leonard  Bacinello3,  Wolfgang  Knapp3,  Nicolas  Dumontb,  Friedrich. 

Durand3, 

Cooperation  Laser  Franco- Allemande/Laboratoire  pour  l'Application  des  Laser  de  Puissance; 

bLaser  Cheval;  CSMH  Automation 

ABSTRACT 

A  system  has  been  built  for  the  fast  control  of  the  laser  welding  process  in  conduction  regime.  Based  on  a  traditional 
Proportional  Integral  Derivative  (PID)  analysis,  the  system  can  regulate  millisecond  laser  pulse  (its  response  time  is  90 
microseconds).  Besides,  the  interaction  in  this  regime  has  been  monitored  with  different  diagnostics.  Visible  signal  above 
target,  IR  signal  from  surface  and  visualization  from  CCD  camera  have  been  correlated  as  function  of  laser  power  density  to 
distinguish  the  different  phases  of  interaction  (pure  conduction,  vaporization  and/or  plasma).  With  this  experimental  set  up, 
the  detector  used  for  control  process  could  be  calibrated.  The  integration  of  the  system  is  shown  for  watch  parts  assembly. 

Keywords  :  laser,  welding,  conduction,  process  control,  assembly,  watch  parts. 

INTRODUCTION 

For  many  micro-parts  in  electronics  and  mechanics,  a  high  quality  level  is  required  for  assembly.  In  the  case  of  laser  welding 
in  conduction  regime,  the  interaction  laser  matter  is  the  main  source  of  defects  which  can  be  due  to  local  impurities  in 
material  (inclusion,  surface  state,  laser  absorption)  and/or  instabilities  in  process  setup  ( geometry  defects,  gas,  laser,  focus). 
Only  a  real  time  control  process  can  compensate  these  disturbances  and  ensure  a  recurrent  production.  So,  the  aim  is  the 
preservation  of  surface  temperature  below  the  material  vaporization  level. 

This  paper  presents  our  recent  investigations  on  the  process  control  of  laser  welding  in  conduction  regime.  Based  on  a 
traditional  Proportional  Integral  Derivative  (PID)  regulation  of  temperature,  we  show  a  system  which  can  regulate  process 
for  millisecond  pulse  duration  range.  Part  2  presents  the  experimental  setup  including  diagnostics  (Camera,  visible 
photodiode,  IR  photodiode)  for  a  complete  monitoring  of  the  laser  interaction.  Part  3  shows  results  with  the  objective  of 
diagnostics  correlation  and  process  control  system  demonstration. 

2.  EXPERIMENTAL  SETUP 


Figure  1  presents  experimental  setup. 

2.1  Laser 

Experiments  have  been  performed  with  a  pumped  lamp  flash  Nd:YAG  Laser  Cheval  laser.  This  one  delivers  continuous  and 
pulsed  (from  ns  to  ms  duration)  irradiation  from  0  to  300W.  Its  power  can  be  controlled  by  an  analogic  input  during 
processes.  The  response  time  of  the  laser  from  the  input  command  to  the  irradiation  output  is  100  ns.  A  Silicium 
photodiode  measures  the  temporal  profile  of  the  laser  intensity  (Figure  4a).  The  laser  is  focused  with  plano-convex  lens 
which  the  focal  is  75  mm.  The  spot  diameter  is  450  nm. 
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2.2.  CDD  camera 

CCD  camera  visualizes  events  above  the  target.  Acquisition  is  triggered  on  the  signal  itself  and  the  exposure  time  is  33  ms. 
So,  for  typical  pulse  duration  used  in  this  study  (1-10  ms),  images  integrate  any  luminous  phenomena.  This  diagnostic 
detects  the  occurrence  of  vapor  and/or  low  ionized  plasma  during  the  interaction.  Typical  image  in  conduction  regime  (see 
part  3)  is  presented  in  Figure  4b.  Target  is  on  the  top  of  the  picture  and  laser  comes  from  the  bottom. 


Figure  1  :  experimental  setup. 


(a)  (b) 

Figure  2  :  presentation  of  regulation  system  can  be  controlled  by  PC  or  other  system  like  MEDUSA  (©SMH  Automation),  (b) 
interface  allowing  the  adjustment  of  any  parameters. 


2.3  Visible  photodiode. 

Visible  detector  is  a  Silicium  photodiode  with  a  1  ns  response  time.  A  doublet  of  achromatic  lens  makes  the  image  of  the 
zone  above  the  target  on  the  detector.  Schott  heat-absorbing  glass  KG3  transmits  visible  light  from  the  interaction  in 
rejecting  IR  emission  from  laser  and  interaction.  This  diagnostic  detects  luminous  events  above  the  target  as  the  CDD 
camera  and  measures  these  temporal  variations  during  the  interaction.  In  production,  this  cheap  diagnostic  could  replace 
camera. 
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2.4.  IR  detector 

IR  detector  is  a  InGasAs  (spectral  response:  600-1700nm)  photodiode  with  50  ns  response  time  which  is  negligible  for 
millisecond  laser  pulse.  A  doublet  of  achromatic  lens  makes  the  image  of  the  surface  of  the  target  on  the  detector  with  a 
magnification  of  10.  So,  the  surface  of  detector  being  2  mm,  the  measurement  concerns  only  the  centre  of  laser  spot  for 
which  the  temperature  can  be  considered  homogeneous.  In  this  configuration,  edges  of  laser  spot  which  correspond  to  the 
highest  temperature  gradient  are  eliminated. 

Besides,  an  interferential  filter  at  1300  nm  (10  nm  band  width)  is  used  in  front  of  detector  to  distinguish  thermal  emission 
surface  from  laser  irradiation  which  could  be  closed.  Indeed,  wavelength  of  emitted  light  from  a  surface  in  liquid  state  is  in 
near  IR.  For  example,  the  maximum  intensity  emitted  by  liquid  Iron  is  in  1-1.6  pm  wavelength  range  (surface  considered  as 
a  blackbody). 

Clearly,  this  light  emission  measurement  is  representative  of  surface  temperature  in  the  case  of  conduction  regime  without 
vaporization.  Figure  4a  presents  typical  signal  of  this  thermal  detector.  Part  3  shows  that  this  diagnostic  can  be  calibrated  in 
term  of  absolute  temperature. 


(a)  (b) 

Figure  3  :  surface  temperature  calculated  by  the  code  resolving  the  Fourier's  law  for  a  laser  heating  source  and  316L  stainless 
steel  (a)  simulation  of  PID  regulation:  temperature  is  constant  at  the  temperature  order  3000°K.  (b)  without  regulation: 
vaporization  temperature  is  reached  (3100°K).  In  both  cases,  total  energy  deposed  on  surface  by  laser  is  the  same  (1524  J/cm2) 
during  10  ms  pulse  duration. 

1.4.  Process  control 

The  process  control  system  is  based  on  a  traditional  PID  analysis.  This  kind  of  regulation  is  commonly  used  in  thermal  laser 
processes1,2.  However,  according  to  our  knowledge,  no  effort  has  been  done  on  the  response  time  for  millisecond  pulse 
duration. 

Experiments  have  been  performed  with  special  system  which  response  time  (from  the  IR  detector  to  laser  power  command) 
is  90  ps.  Built  from  micro-controller,  the  regulator  has  been  tested  with  different  lasers  (Cheval  and  Haas  lasers).  Besides, 
any  parameters  concerning  laser  and  regulation  can  be  modified  easily  by  a  simple  interface  (Figure  2)  and  system  is  also 
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adaptive  and  can  work  independently  in  a  line  production.  In  part  3,  such  example  of  integration  in  a  machine  of  watch  parts 
assembly  is  presented. 

1.5.  Simulation 

Simulation  of  the  interaction  in  conduction  regime  has  been  made  with  a  traditional  ID  (finite  difference)  code  resolving  the 
Fourier  s  law  for  a  laser  heating  source  (any  loss  is  taken  into  account,  Laser  absorption  and  thermal-physics  properties  are 
constant ).  This  simple  code  gives  only  the  typical  temporal  profiles  of  surface  temperature  and  laser  intensity. 

3.  RESULTS  AND  DISCUSSION. 


3.1.  Simulations 

Figure  3  gives  examples  of  simulation  with  (a)  and  without  (b)  PID  regulation  for  316L  steel.  The  surface  temperature  is 
constant  with  PID  regulation.  The  corresponding  laser  power  profile  is  a  strong  peak  to  reach  the  temperature  order  followed 
by  a  slow  decrease  to  sustain  the  constant  level  of  surface  temperature.  Figure  3b  presents  the  surface  temperature  with  a 
square  laser  pulse  which  the  total  energy  equals  to  that  one  of  the  simulation  with  regulation,  pulse  duration  being  the  same. 
In  this  case  surface  temperature  increases  with  time  and  exceeds  vaporization  temperature  (3100  °K)  from  8  ms.  This  simple 
calculation  shows  the  interest  of  process  control  even  without  defects.  Indeed,  the  regulation  limits  the  vaporization  surface 
which  could  induce  high  pressure  plasma  and  uncontrolled  material  ejection. 


(a)  (b) 

Figure  4  :  typical  records  in  conduction  regime  for  a  laser  pulse  duration  of  6  ms  on  massive  316L  (188  KW/cm2)  ,  (a)  IR  signal 
at  1300nm  (see  text),  (b)  Visible  signal  (see  text)  and  laser  intensity  profile,  (b)  visualization  above  the  target  by  CCD  camera. 

3.2.  Interaction  monitoring. 

Figure  4  presents  records  of  the  different  diagnostics  for  a  square  laser  pulse  of  6  ms  irradiating  316L  steel.  In  Figure  4a, 
during  the  laser  irradiation,  IR  signal  increases  with  time  like  a  typical  profile  in  conduction  regime.  Indeed,  general  trend  is 
similar  to  simulation  presented  in  Figure  3b.  Visible  detector  is  very  low  and  seems  to  follow  the  temperature  signal. 
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However,  the  signal  to  noise  rate  is  too  low  to  use  this  signal  for  temperature  monitoring.  Corresponding  CDD  camera 
image  (Figure  4b)  shows  only  a  weak  luminosity  at  the  surface  of  target.  According  to  visible  and  temperature  signals,  no 
vaporization  occurs  in  these  irradiation  conditions.  Luminosity  comes  from  the  surface  target  which  emits  in  a  wide 
wavelength  band  (maximum  intensity  being  in  IR  (see  Part2)).  After  laser  irradiation,  temperature  decreases  until  complete 
cooling  of  material. 

Figure  5  presents  records  of  the  different  diagnostics  for  a  square  pulse  of  10  ms  irradiating  316L.  In  Figure  5a,  IR  detector 
signal  increases  with  time.  However,  it  may  be  separated  in  two  phases.  The  first  from  the  beginning  of  the  laser  pulse 
(time  0  ms)  to  3  ms,  the  profile  looks  like  a  conduction  signal  as  shown  in  Figure  3a.  The  second  until  the  end  of  laser 
pulse,  signal  is  higher  with  important  oscillations.  Visible  signal  follows  same  variations.  Corresponding  CDD  camera 
image  (Figure  5b)  shows  a  strong  luminosity  above  the  target  due  to  hot  vapor  and/  or  plasma  emission.  The  time  transition 
between  the  two  phases  is  very  short.  Indeed,  time  between  the  end  of  the  first  phase  and  the  maximum  of  the  first 
oscillation  is  near  200  gs.  This  time  depends  on  material,  its  state  of  surface  and  the  experimental  conditions.  For  example, 
preliminary  experiments  with  Copper  seem  to  show  that  monitoring  is  different  and  time  reaction  is  shorter.  However,  for 
present  experiments  with  316L,  the  results  are  reproducible. 

Clearly,  these  inradiation  conditions  are  not  optimal  for  applications  because  surface  state  could  be  pollute  by  vaporized 
particles  or  ejected  liquid.  For  the  best  quality,  interaction  process  has  to  remain  in  conduction  regime.  A  fast  process  control 
can  only  sustain  it  for  milliseconds  pulse  duration  range  as  Figure  5  shows  it. 

Besides,  these  results  confirm  that  IR  detector  allows  an  accurate  monitoring  of  laser  interaction.  Indeed,  signal  is 
representative  of  surface  temperature  and  threshold  between  pure  conduction  heating  and  vapor/plasma  regime  is  detected  by 
the  IR  photodiode. 
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(a)  (b) 

Figure  5  :  typical  records  in  conduction  regime  for  a  laser  pulse  duration  of  5  ms  on  massive  316L  (188  KW/cm2)  ,  (a)  IR  signal 
at  1300nm  (see  text),  (b)  Visible  signal  (see  text)  and  laser  intensity  profile,  (b)  visualization  above  the  target  by  CCD  camera. 

3.3.  Calibration 
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Calibration  of  the  IR  detector  has  been  made  by  using  these  diagnostics.  Vaporization  transition  of  pure  material  (isolated 
sheets  of  Fe,  Ta,  Mo)  has  been  detected  on  typical  records  as  shown  in  Figure  5.  Experiments  have  been  repeated  on  the 
same  material  to  ensure  statistical  measurements.  Figure  6  presents  such  calibration.  Minimum  and  maximal  values  for  each 
material  have  been  reported.  Curves  show  that  the  response  of  detector  could  be  linear  in  0-4500  °C  temperature  range. 
However,  for  industrial  application  this  procedure  is  not  required.  Indeed,  signal  calibration  is  too  sensitive  to  experimental 
conditions.  Procedure  has  to  be  reproduced  after  any  modification  of  configuration. 

3.4.  Regulation 

Regulation  has  been  performed  from  IR  detector  signal  in  millisecond  laser  pulse  range  on  316L.  Figure  7  presents  an 
example  of  regulation  for  10  ms  pulse  duration.  Laser  intensity  profile  and  temperature  signal  are  also  reported.  During  the 
laser  irradiation,  temperature  signal  can  be  separated  in  two  main  phases.  In  the  first,  the  signal  increases  with  time,  up  to 
the  order  level  which  is  reached  at  2  ms  after  the  beginning  of  irradiation.  In  the  second  phase,  IR  signal  remains  at  the  order 
level  until  the  end  of  the  pulse.  The  regulation  generates  a  laser  intensity  which  decreases  constantly  during  the  laser  pulse. 
The  profile  is  similar  to  the  one  calculated  in  Figure  3a.  However,  the  first  phase  is  shorter  with  simulation  because  the 
maximum  of  laser  intensity  is  not  limited  compared  to  the  experiment.  Thus,  the  laser  with  the  highest  possible  peak 
intensity  is  required  for  a  better  initial  regulation. 


Figure  6  :  IR  detector  calibration  with  melting  and  boiling  point  of  pure  materials. 

Besides,  a  brutal  increase  of  IR  signal  occurs  5  ms  after  the  beginning  of  the  pulse.  Regulation  corrects  this  defect  and  IR 
signal  decreases  to  the  order  after  about  200  ps  .  This  could  be  considered  as  the  experimental  total  reaction  time  of  the 
system  (regulation  +  laser).  This  value  is  in  accordance  with  the  one  of  each  part  :  90  ps  for  the  regulation,  100  ps  for  the 
laser. 

This  reaction  time  corresponds  also  to  the  time  transition  between  conduction  regime  and  vaporization  determined  on  Figure 
5(Part  3.2).  In  fact,  to  ensure  no  pollution,  the  response  time  of  the  process  control  system  should  be  rather  lower  than  this 
time  transition  .  However,  these  results  shows  the  effectiveness  of  the  system  with  a  closed  response  time. 
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3.5.  Integration  in  a  machine 

Process  control  system  (IR  detector  and  PID  system)  has  been  integrated  in  a  machine  assembling  watch  parts  by  laser 
welding.  Figure  8a  shows  a  photographs  of  the  whole  system. 

In  these  applications,  the  state  of  surface  must  be  conserved  during  the  process.  According  to  the  high  quality  required  and 
the  dimensions  of  the  parts  (0.1-2  mm),  the  laser  welding  in  conduction  regime  is  applied.  Then,  the  aim  of  the  process 
control  is  a  constant  quality  for  mass  production. 

IR  Detector  has  been  integrated  in  a  special  head  built  by  Laser  Cheval.  Robot,  mechanics,  automatism,  gas,  supports  and 
process  control  system  are  controlled  by  the  master  machine  MEDUSA  (©SMH  Automation).  Tests  concerned  axis-crowns 
in  steel  welded  with  millisecond  laser  pulse  duration.  An  example  of  assembled  parts  is  shown  on  Figure  8b.  White  arrows 
fixe  the  welded  zone.  Results  show  that  process  control  does  not  improve  the  quality  of  the  assembly  but  ensures  a  better 
reproducibility. 


0  5  10  15  20 

Time  (ms) 


Figure  7  :  example  of  control  by  the  system  for  10  ms  pulse  duration  on  316L  steel. 


4.  CONCLUSIONS  AND  PERSPECTIVES 

A  control  process  system  has  been  built  for  laser  welding  in  conduction  regime.  For  millisecond  pulse  duration,  process 
monitoring  with  CDD  camera  and  photodiode  confirms  the  validity  of  the  temperature  measurement  by  simple  IR 
photodiode.  Vaporization  of  material  and  /or  plasma  occurrence  has  been  also  evidenced  on  signals.  In  this  way,  IR  detector 
has  been  calibrated  in  terms  of  temperature.  The  effectiveness  of  process  control  has  been  shown  in  the  case  of  steel  and 
validated  for  watch  assembly  application.  The  measured  response  time  of  the  system  (laser  +  Process  control  system)  is  200 
ps  in  accordance  with  responses  time  of  each  device  of  the  system.  In  the  case  of  steel,  this  performance  is  sufficient  for  a 
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good  process  control.  Further  works  could  concern  other  materials  like  Copper,  for  which  the  interaction  with  laser  in  this 
regime  seems  to  be  very  different. 
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(a)  (b) 

Figure  8  :  Integration  of  control  process  system  in  a  machine  of  laser  welding  of  watch  parts,  (a)  Image  of  the  machine  (b) 
image  of  the  axial  parts  assembled  (white  arrow  fixes  the  position  of  the  welded  zone) 
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ABSTRACT 

The  new  welding  technique  “SHADOW  -  Stepless  High  Speed  Accurate  and  Discrete  One  Pulse  Welding”  is 
introduced.  SHADOW  means  the  use  of  a  single  pulse  to  generate  a  quasi  continuous  weld  of  several  millimeters  in 
length.  The  processing  time  is  defined  by  the  pulse  duration  of  the  pulsed  laser.  At  present,  a  state-of-the-art  laser  is 
capable  of  a  maximum  pulse  duration  of  20  ms.  The  variation  of  the  laser  power  depending  on  time  is  a  vital  capability 
of  the  pulsed  laser  to  adapt  the  energy  deposition  into  the  workpiece  (pulse  shaping). 

Laser  beam  welds  of  several  watch  components  were  successfully  performed  (for  further  information  see  paper  4637-77 
“New  Applications  of  Laser  Beam  Micro  Welding  in  Watch  Industry”).  Similar  metals  like  crowns  and  axes  made  out 
of  stainless  steel  have  been  welded  using  pulsed  laser  radiation.  Applying  a  series  of  about  130  single  pulses  for  the 
crown-axis  combination  the  total  energy  accumulates  to  19.5  J,  The  use  of  the  SHADOW  welding  technique  reduces 
the  energy  to  2.5  J. 

While  welding  dissimilar  metals  like  stainless  steel  and  brass,  the  SHADOW  technique  has  even  more  advantages. 
Gearwheels  made  out  of  brass  have  been  joined  to  axes  made  out  of  stainless  steel.  Common  pulse  mode  welding 
generates  a  considerable  amount  of  contamination  but  SHADOW  welding  reduces  drastically  the  contamination  as  well 
as  the  distortion. 

Laser  beam  welding  of  copper  has  a  low  process  reliability  due  to  the  high  reflection  and  the  high  thermal  conductivity. 
SHADOW  welds  of  3.6  mm  length  were  performed  on  250  pm  thick  copper  plates  with  very  high  reproducibility.  As  a 
result,  a  pilot  plant  for  laser  beam  welding  of  copper  plates  has  been  set  up. 

The  work  to  be  presented  has  partly  been  funded  by  the  European  Commission  in  a  project  under  the  contract  BRPR- 
CT-0634. 

Keywords:  Laser  Beam  Micro  Welding,  Pulsed  Nd:YAG  laser,  Pulse  shaping.  Industrial  Application,  Micro 
Application,  Micro  Technology,  Micro-Parts,  Dissimilar  Metals,  Copper,  Brass 


1.  INTRODUCTION 


1.1.  CLAW 

The  ongoing  trend  of  miniaturization  challenges  manufacturers  on  the  one  hand  to  downsize  the  space  required  for 
joining  parts  and  to  enhance  the  flexibility  of  the  manufacturing  techniques  on  the  other.  The  size  and  the  thickness  of 
the  micro  components  to  be  joined  demand  small  weld  geometries  which  means  that  only  heat  conduction  joining  is 
applicable.  But  more  and  more  materials  combinations  need  to  be  joined  to  take  advantage  of  the  different  materials 
properties  such  as  electrical  conductivity  or  stiffness.  The  thermo-physical  properties  of  the  component’s  materials  and 
their  mutual  solubility  have  therefore  to  be  taken  into  account.  Since  some  metals  generate  brittle  alloys  which  have  a 
poor  tensile  strength  welding  such  a  materials  combination  may  technically  not  be  feasible.  In  respect  of  their  high 
electrical  conductivity  copper  and  brass  are  of  particular  interest  for  the  electronics  industry  and  the  feasibility  to  join 
copper  and  brass  is  vital  for  creating  new  compact  components  and  products. 

Common  joining  techniques  reach  their  limits  in  flexibility,  reproducibility,  preparation  and  cycle  time.  Continuous 
wave  laser  beam  welding  ensures  a  consistent  low  energy  input  into  the  workpiece  but  the  lasers  are  expensive  and  not 
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economical  for  micro  applications.  Even  pulsed  laser  beam  welding  with  a  typical  overlap  of  70%  to  90%  is  restricted 
for  seam  welding  because  of  a  high  processing  time  and  a  high  distortion  risk  on  the  base  of  high  energy  input  into  the 
workpiece. 

Since  pulsed  lasers  have  a  good  beam  quality  their  radiation  can  be  focused  down  to  a  spot  diameter  of  50  pm  for  micro 
welding  applications.  In  spite  of  the  low  average  power  of  pulsed  lasers  the  peak  power  reaches  up  to  3kW. 
Furthermore  pulse  shaping  is  a  standard  capability  of  modem  pulsed  lasers. 

The  work  and  results  presented  have  been  funded  by  the  European  Commission  in  a  project  called  CLAW  under  the 
contract  BRPR-CT-0634,  where  CLAW  means  Clean  and  Low  Distortion  Accurate  Welding  of  Micro-Parts.  The 
objectives  of  the  Claw-project  can  be  summarized  as  follows: 

Eliminating  the  contamination 
Reducing  the  distortion  due  to  handling  and  joining 
Enhancing  the  application  of  laser  beam  micro  welding  in  industry 
The  watch  industry  at  present  uses  joining  techniques  such  as  screwing,  gluing,  press  fitting  or  crimping,  but  none  of 
these  joining  techniques  is  able  to  guarantee  the  low  tolerances  needed  for  mounting  the  watch  movements.  Moreover 
dissimilar  materials  like  steel  and  brass  come  into  operation  in  respect  of  tribologic  aspects.  The  welding  tasks  within 
the  CLAW-project  were  thus  to  join  thin  membranes  or  foils  with  a  thickness  down  to  5  pm  and  small  watch 
components  such  as  gearwheels  with  a  thickness  of  about  100  pm  and  axes  with  a  diameter  of  down  to  200  pm. 


1.2.  A  Bright  Idea 

In  general  the  beam  quality  of  a  laser  depends  on  its  average  output  power.  A  flash  lamp  pumped  continuous  wave  laser 
with  an  average  output  power  of  at  least  1  000  W  and  a  beam  quality  of  25  mnvmrad  can  be  coupled  into  an  optical 
fiber  of  600  pm  diameter,  see  Table  1.  If  the  beam  quality  can  be  reduced  to  12  mm-mrad  either  with  flash  lamp  or 
diode  laser  pumping  the  laser  radiation  can  be  coupled  into  a  300  pm  optical  fiber.  The  laser  radiation  of  a  pulsed  laser 
which  has  a  beam  quality  of  8  mm-mrad  can  be  delivered  to  the  processing  optics  via  a  200  pm  optical  fiber  at  a 
maximum  pulse  power  PH  =  3  000  W,  which  can  easily  be  pulse  shaped  with  a  typical  response  time  of  50  ps. 


Table  1: 

Properties  of  state-of- 
the-art  continuous 
wave  and  pulsed 
lasers 


www.haas-laser.de 


Maximum 
Laser  Power 

P„„  /  W 

Average 
Laser  Power 

P.v/W 

Maximum 
Pulse  Power 
PH/W 

Beam  Quality 

q  /  mm-mrad 

Diameter  of 
Optical  Fiber 
d/pm 

HL  1006  D 

1400 

1000 

- 

25 

600 

HL  1003  D 

1400 

1  000 

- 

12 

300 

HLD  1003 

1  300 

1  000 

- 

12 

300 

HLD3504 

4  500 

3  500 

- 

16 

400 

HL  304  P 

400 

300 

8  000 

16 

400 

HL62P 

75 

60 

3  000 

8 

200 

The  commonly  used  laser  beam  welding  techniques,  continuous  wave  welding  and  pulse  mode  welding,  are  not 
unrestrictedly  applicable  to  all  micro  welding  tasks.  In  many  cases  continuous  wave  lasers  may  not  be  used  because  of 
their  poor  beam  quality,  thus  resulting  in  minimum  spot  sizes  of  600  pm  compared  to  pulsed  lasers  that  can  be  focused 
down  to  minimum  spot  sizes  of  down  to  50  pm  even  with  fiber  coupled  systems. 

Furthermore,  continuous  wave  lasers  are  more  expensive  than  pulsed  lasers  regarding  the  average  output  power  versus 
the  maximum  pulse  power  and  are  therefore  not  economical  for  micro  applications.  In  industrial  applications  welding 
seams  of  up  to  5  mm  in  length  are  optained  by  using  pulsed  laser  radiation  with  a  typical  overlap  of  70%  to  90%.  Pulsed 
mode  welding  deposits  up  to  ten  times  more  energy  into  the  workpiece  than  is  required  for  the  recommended  tensile 
strength.  High  speed  video  imaging  of  the  welding  process  revealed  that  every  single  pulse  melts  the  material  which 
quickly  solidifies  at  the  end  of  the  pulse.  The  feed  rate  is  limited  by  the  repetition  rate  and  the  average  output  power  of 
the  pulsed  laser  and  the  required  overlap  of  the  pulses.  All  this  results  in  a  high  risk  of  contaminating  and  distorting  the 
micro-part. 

State-of-the-art  pulsed  lasers  are  capable  of  pulse  shaping,  which  is  required  for  welding  highly  reflective  difficult-to- 
weld  materials  such  as  brass  or  copper.  Since  the  absorbed  energy  on  that  account  may  change  up  to  20%  the  low 
absorption  of  unn-eated  copper  (approximately  5%)  and  slight  fluctuations  in  reflectance  (in  the  range  of  1%)  lead  to  a 
poor  reproducibility  of  single  spot  or  pulsed  mode  seam  welding.  In  addition,  the  reflectivity  and  the  thermal 
conductivity  of  copper  changes  during  laser  beam  treatment.  In  the  temperature  range  between  room  and  evaporating 
temperature  the  absorption  coefficient  of  stainless  steel  increases  with  a  factor  of  two  whereas  the  absorption  coefficient 
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of  copper  increases  with  a  factor  of  four.  The  thermal  conductivity  of  stainless  steel  at  room  temperature  is  only  half  of 
that  at  melting  temperature,  but  the  thermal  conductivity  of  copper  at  room  temperature  is  doubled  compared  to  that  at 
melting  temperature. 

All  the  above  mentioned  facts  and  considerations  lead  to  the  conception  to  apply  quasi  continuous  wave  laser  beam 
welding  to  micro-parts  with  a  part  geometry  smaller  than  500  pm  and  a  weld  width  smaller  than  100  pm.  Particularly 
difficult-to-weld  materials  and  materials  combinations  such  as  brass  and  copper  or  steel  on  brass  ought  to  be  welded  by 
a  new  welding  technique.  To  obtain  a  cycle  time  as  short  as  possible  the  processing  time  should  not  exceed  20  ms,  that 
is  the  maximum  pulse  duration  of  a  state-of-the-art  pulsed  laser.  The  pulse  shaping  capability  may  be  used  to  adapt  the 
pulse  power  to  the  changing  reflectivity  of  copper  as  discussed  above.  The  main  objective  in  succeeding  to  apply  a  new 
technique  or  process  into  industrial  manufacturing  is  the  cost  effectiveness.  In  the  presented  case  this  means  to  deploy  a 
low-priced  laser  with  low  maintenance  costs  and  that  is  a  pulsed  laser. 

1.3.  SHADOW  turns  to  Light 

The  abbreviation  SHADOW  stands  for  Stepless  High  Speed  Accurate  and  Discrete  One  Pulse  Welding.  That  is  the  use 
of  a  single  pulse  for  quasi  continuous  wave  welding  of  micro-parts  at  a  high  feed.  The  SHADOW-welding  technique 
introduced  in  this  paper  combines  the  advantages  of  continuous  and  pulsed  laser  beam  welding.  SHADOW-Welding 
means  seam  welding  up  to  10  mm  length  at  a  high  feed  rate  of  up  to  30  m/min  with  a  pulsed  laser  for  micro 
applications.  The  pulse  shaping  capability  of  the  pulsed  laser  ensures  an  effective  energy  deposition  into  the  workpiece. 

2.  HARDWARE  DEVELOPMENT 

2.1.  Preparation 

The  principal  set-up  for  testing  the  SHADOW-technique  on  stainless  steel  plates  is  shown  in  Figure  1.  The  laser 
radiation  of  the  pulsed  laser  is  delivered  to  the  focusing  optics  by  means  of  an  optical  fiber  and  focused  to  a  spot 
diameter  of  2wf  =  200  pm.  The  workpiece  is  moved  at  a  feed  rate  of  vf=  10  m/min  such  that  a  single  pulse  of 
lH  =  20  ms  pulse  duration  creates  a  weld  seam  of  1  =  3.6  mm  in  length. 

I  =  vf  -th  +  2wf  =  167  sf~ 0.020  5  +  0.2  mm  =  3.6 mm  (1) 

Figure  1: 

Schematic  Drawing 
of  the  Set-up 


The  easiest  way  to  achieve  a  high  feed  rate  is  to  rotate  the  workpiece  which  should  finish  a  whole  turn  within 
th  =  20  ms,  leading  to  a  rotational  speed  of  (20  ms)'1  or  3  000rpm.  A  linear  feed  rate  of  about  vf  =  20  m/min 
corresponds  to  a  part  diameter  of  d  =  2.2  mm  or  a  length  of  1  =  6.7  mm. 

l  =  2x-Wj  =2n-l.lmm  =  6.1  mm  (2) 

vf  =-^-=  ^  mm  =334mm/min  (3) 

1  xH  0.02  s 
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2.2.  Experimental  Set-up 

The  experimental  set-up  is  represented  in  Figure  2.  The  focusing  optics  includes  a  CCD-Camera  for  monitoring.  High 
speed  imaging  was  used  to  visualize  the  fast  process.  Tests  of  position  control  have  been  performed  requiring  a  fast 
CMOS-camera  and  a  zoom  objective. 


Figure  2: 

Experimental  Set-up 


Monitoring  CCD-Camera 

Focusing  Optics 

Macro  Zoom  Objective 
High  Speed  Video 

Zoom  Objective 
Image  Recognition 

Illumination 

Rotary  Stage 


Figure  3: 

High  Speed  Spindle 
and  Workpiece 
Holder 


Due  to  the  small  parts  and  the  large  magnification  of  both  objectives,  the  illumination  demanded  particular  attention. 
Diode  laser  radiation  (X  =  806  nm)  diffusely  scattered  illuminated  the  parts  and  an  appropriate  band  pass  filter  with  a 
peak  wavelength  of  X  =  806  nm  and  a  FWHM  of  10  nm  was  used  to  protect  the  camera  from  back  scattered  Nd:YAG 
laser  radiation.  The  rotary  stage  which  was  built  by  SMH  Automation  was  capable  of  rotating  the  part  at  a  rotational 
speed  of  up  to  18  000  rpm  with  a  concentric  running  of  2  pm.  The  workpiece  holders  contained  holes  for  extraction 
such  that  the  parts  were  held  in  place  by  vacuum  as  shown  in  Figure  3. 


3.  PROCESS  DEVELOPMENT 


3.1.  Preliminary  Tests 

There  are  four  different  materials  combinations  of  interest  for  the  watch  industry.  In  addition,  copper  plates  are 
important  for  the  automotive  and  electronics  industry  and  their  component  suppliers,  see  Table  2.  The  filled  circles 
indicate  a  good  weldability,  whereas  the  hollow  circles  indicate  a  poor  weldability. 


Table  2: 
Materials  to  be 
welded 


Stainless  Steel 

ARCAP 

Brass 

Copper 

Stainless  Steel 

• 

O 

O 

O 

ARCAP 

• 

O 

- 

Brass 

o 

- 

Copper 

o 
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Test  welds  on  stainless  steel  plates  (thickness  250  pm)  have  been  carried  out  at  a  maximum  feed  rate  of  vf  =  10  m/min. 
Both  top  view  and  cross-section  indicated  a  consistent  and  robust  weld  process  with  a  very  high  reproducibility.  The 
picture  in  Figure  4,  left  hand  side,  shows  a  top  view  of  a  SHADOW  weld  on  stainless  steel  X8  CrNi  1812.  Neither 
contamination  nor  distortion  is  observable.  The  picture  on  the  right  hand  side  of  Figure  4  illustrates  a  clean  SHADOW 
weld  on  brass  Ms  63.  The  pit  indicates  the  end  of  the  weld. 


Figure  4: 

Metal  Plates 
SHADOW  Welds 


Stainless  Steel  Plates 
Q  =  6.2  J,  Pulse  Shaped 
th  =  20  ms 
Vf  =  10  m/min 
a  =  0° 

Material 
X8  CrNi  1812 
t  =  250  pm 


Stainless  Steel  Plates 
Q  =  6  J,  Block  Pulse 
■tH  =  20  ms 
Vf=  10  m/min 
<x  =  0° 

Material 
Brass  Ms  63 
t  =  150  pm 


During  the  welding  of  thin  stainless  steel  membranes  to  tubes  the  pulse  mode  technique  generates  a  considerable 
amount  of  contamination  and  particle  fallout  originating  from  the  rapid  heating  and  melting  process  at  the  beginning  of 
each  pulse  as  illustrated  in  Figure  5  (picture  on  the  left).  Using  the  SHADOW  technique  the  surface  of  the  membranes 
stays  clean,  no  particles  or  droplets  can  be  detected  as  shown  in  Figure  5  (picture  on  the  right). 


Figure  5: 
Membranes 
Material 
X5  Cr  Ni  1810 
t  =  25  pm 


Pulse  Mode 

PH  =  300  W ,  Q,0,  =  27  J 
xH  =  5  ms,  fp  =  25  Hz 
Vf  =  300  mm/min 


SHADOW 
Q  =  9  J,  Pulse  Shaped 
th  =  20  ms 
Vf=  30  m/min 


The  pulse  energy  for  the  SHADOW  amounts  to  Q  =  9  J  which  is  only  one  third  of  the  accumulated  energy  for  pulsed 
welding  Qtot  =  27  J.  The  weld  seam  of  1  =  10  mm  length  required  50  single  pulses  at  a  repetition  rate  of  fp  =  25  Hz 
resulting  in  a  processing  time  of  t  =  2.0  s  whereas  the  SHADOW  weld  can  be  generated  within  t  =  20  ms  using  the  same 
pulsed  laser. 


3.2.  SHADOW  Welding  of  Watch  Components 

After  the  feasibility  of  welding  crowns  to  the  axis  by  means  of  pulsed  laser  radiation  has  successfully  been  verified  the 
SHADOW-technique  was  able  to  minimize  the  contamination  and  discoloration.  Figure  6  shows  SHADOW  welded 
crowns  and  axes  from  Laser  Cheval.  The  discoloration  can  be  eliminated  completely  by  using  Argon  as  protection  gas. 
When  the  melt  pool  has  been  created  the  laser  power  has  to  be  reduced  to  avoid  particles  ejecting  from  the  melt.  During 
laser  treatment  the  components  are  heated  by  the  absorbed  and  distributed  laser  energy.  The  laser  power  should 
therefore  further  be  reduced.  The  end  of  the  weld  seam  overlaps  the  beginning  to  smoothen  the  surface  at  the  start  of  the 
weld  and  the  laser  power  fades  out.  The  variation  of  the  laser  power  depending  on  time  is  illustrated  in  Figure  7. 
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Figure  6: 

Crown  -  Axis 
SHADOW  Weld 
Q  =  2.5  J 
Th  =  20  ms 
vf  =  8.5  m/min 
a  =  20° 

Material 

Axis  S  20  AP 

d  =  0.9  mm 
Crown  316  L 

d  =  5.0  mm 

courtesy  of 


Figure  7: 

Variation  of  the  Laser 
Power  Depending  on 
Time  for  SHADOW 
Welding  of  the 
Crown  to  the  Axis 


Laser  Power  PH  /  W 


10 


15 


20 

Time  t  /  ms 


Welding  the  crowns  to  the  axis  by  means  of  pulsed  laser  radiation  takes  t  =  0.65  s  at  the  maximum  repetition  rate  of  the 
deployed  laser  (fp  =  200  Hz)  which  means  that  130  pulse  (PH  =  300  W,  th  =  0.5  ms)  were  necessary.  The  total  Energy 
thus  amounts  to  Qt0I  =  19.5  J  and  is  about  8  times  the  pulse  energy  necessary  for  SHADOW  welding.  The  tractive  force 
reaches  100  N  for  a  SHADOW  weld  as  well  as  for  a  pulsed  weld,  which  satisfies  well  the  specification  of  50  N. 

The  gearwheels  from  Swatch  are  made  out  of  brass  and  ought  to  be  joined  to  the  stainless  steel  axes.  Joining  dissimilar 
metals  is  known  to  be  difficult  due  to  their  different  materials  (see  Table  3).  Welding  stainless  steel  to  copper  is  feasible 
but  the  welds  tend  to  generate  cracks  and  voids.  The  difference  in  melting  temperature  causes  the  main  difficulties  for 
welding  stainless  steel  to  brass. 


lauie 

Thermo-Physical 
Properties  of 

Different  Materials 

Melting 

Temperature 

t „rc 

Thermal  Expansion 
Coefficient 
CXtbenna]  /  10**/K 

specific 

Heat  Capacity 

cp  /  J/kg-K 

Thermal 

Conductivity 

/  W/ni‘K 

AISI316 

1398 

17.5 

500 

15 

E-CU  58 

1083 

17.7 

380 

390 

CuZn37 

920 

20.2 

427 

120 

SHADOW  welds  on  stainless  steel  and  brass  plates  revealed  the  origin  of  the  joint.  The  steel  and  brass  melts  do  not  fuse 
in  the  common  sense  of  forming  one  melt.  The  joint  strength  has  to  be  ascribed  to  the  interlocking  of  the  mixed  re¬ 
solidified  material  as  illustrated  in  Figure  8.  In  consequence  of  the  interlocking  joint  effect,  large  joints  cannot  be 
generated,  but  small  joints  for  micro  applications  are  realizable. 
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Figure  8: 

Metal  Plates 
SHADOW  Weld 
Q  =  7.5  J 
th  =  20  ms 
Vf  =  10  m/min 
a  =  0° 

Material 

Top  CrNi  18  12 
t  =  250  pm 
Bottom  Ms63 

t  =  150  pm 


The  investigation  of  joining  gearwheels  made  out  of  brass  to  axes  made  out  of  stainless  steel  started  with  pulse  mode 
welding  as  illustrated  in  Figure  9.  Joints  with  a  tractive  force  of  30  N  could  be  produced,  but  grime  evaporated  during 
the  laser  treatment  contaminated  the  gearwheel  surface.  By  shortening  the  pulse  duration  by  half  the  contamination  can 
be  minimized,  whereby  the  tractive  force  drops  to  10  N  and  below  the  acceptance  level. 


Figure  9: 
Gearwheel  -  Axis 
Pulse  Mode  Weld 


courtesy  of 

SLUCltCtiH 


PH=  112  W 
Th  =  1.0  ms 
fP=  100  Hz 
a  =  45° 


PH=  112  W 
th  =  0.5  ms 
fP=  100  Hz 
a  =  45° 


Figure  10: 

Gearwheel  -  Axis 
SHADOW  Weld 
Q=  1.3  J 
%  =  20  ms 
vt  =  3.3  m/min 
a  =  45° 

Material 

Axis  S  20  AP 

d  =  0.3  mm 
Wheel  Ms61Pb 

d  =  3.0  mm 

courtesy  of 

swcitclin 


Figure  11: 

Variation  of  the  Laser 
Power  Depending  on 
Time  for  SHADOW 
Welding  of  the 
Gearwheel  to  the 
Axis 


Laser  Power  P„  /  W 
120 


FEM  Simulation  visualized  the  distortion  of  the  gearwheel  and  the  axis  due  to  the  high  energy  deposition  of  pulse  mode 
welding.  Applying  the  SHADOW  technique  the  tractive  force  achieves  30  N  and  the  contamination  and  distortion  can 


Proc.  SPIE  Vol.  4637 


551 


be  kept  low.  Figure  10  illustrates  the  SHADOW  welding  of  the  gearwheel  to  the  axis.  The  occurrence  of  contamination 
is  limited  to  the  start  of  the  weld  seam.  This  can  be  compared  to  one  of  the  pulses  for  pulse  mode  welding  shown  in  the 
picture  on  the  left  in  Figure  9. 

The  variation  of  laser  power  depending  on  time  is  shown  in  Figure  1 1.  The  SHADOW  pulse  starts  with  a  laser  power  of 
1 12  W  that  is  held  for  1.0  ms  but  then  rapidly  drops  to  70  W.  After  10  ms  the  laser  power  reaches  60  W  and  after  18  ms 
it  starts  decreasing  to  40  W  till  the  end  of  the  pulse. 


Table  4: 

Comparison 

Pulse  Mode 

A 

Pulse  Mode 

B 

SHADOW 

Pulsed  Mode 

Pulse  Power 

Ph/W 

112 

112 

shaped 

SHADOW 

Pulse  Duration 

Tn/ms 

1.0 

0.5 

20 

Repetition  Rate 

fp/Hz 

100 

100 

- 

Number  of  Pulses 

N/- 

130 

130 

1 

Energy 

Q,o.  /  J 

14.6 

7.3 

1.3 

Processing  Time 

t  /  s 

1.30 

1.30 

0.02 

Again  the  pulsed  laser  source  must  not  be  changed  when  switching  from  pulse  mode  welding  to  SHADOW  welding  so 
that  almost  every  pulse  mode  welding  process  can  easily  be  changed  to  the  SHADOW  technique.  Table  4  sums  up  the 
important  process  parameters  for  welding  the  gearwheel  to  the  axis.  The  main  objective  is  to  minimize  the  processing 
time  per  part.  Changing  from  pulse  mode  welding  to  SHADOW  welding  the  processing  time  and  the  energy  deposition 
into  the  component  can  drastically  be  reduced.  Regarding  the  pulse  energy,  up  to  six  parts  can  be  welded  using  the 
SHADOW  technique  while  welding  only  one  part  in  common  pulse  mode  technique. 

3.3.  SHADOW  Welding  of  Copper 

Furthermore  SHADOW  possesses  advantages  for  the  welding  of  difficult-to-weld  materials  such  as  copper.  Figure  12 
illustrates  SHADOW  welding  of  250  pm  thick  copper  plates.  The  welds  possess  a  length  of  1  =  3.3  mm  and  a  width  of 
b  =  0.6  mm.  Despite  the  high  and  changing  reflectivity  of  the  copper  surface  the  welds  look  uniform  and  consistent.  The 
reproducibility  of  the  SHADOW  welds  is  considerably  higher  than  that  of  comparable  pulse  mode  welds. 


Figure  12: 
Difficuh-to-Weld 
Copper  Plates 
Q  =  30  J 
Th=  18  ms 
Vf=  lOm/min 
a  =  30° 
t  =  250  pm 


Figure  13 

Variation  of  the  Laser 
Power  Depending  on 
Time  for  SHADOW 
Welding  of  Copper 
Plates 


Laser  Power  PH  /  W 
2400 
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As  long  as  no  online  control  system  for  laser  power  regulation  with  suitable  short  response  time  is  available  the 
variation  of  the  laser  power  depending  on  time  needs  to  be  determined  by  testing.  Taking  into  account  the  thermo¬ 
physical  properties  of  copper  the  laser  pulse  melts  the  copper  with  a  peak  power  of  2  400  W  and  then  is  reduced  to 
1  800  W.  To  avoid  the  broadening  of  the  weld  seam,  the  laser  power  has  to  be  reduced  to  1  500  W  before  it  is  smoothly 
decreased  to  900  W  at  the  end  of  the  pulse. 

SHADOW  welding  additionally  means  increasing  or  even  optimizing  the  process  reliability.  A  pilot  plant  for 
manufacturing  electronic  components  for  the  automotive  industry  using  the  SHADOW  technique  to  weld  copper  plates 
has  already  been  set  up.  Every  component  consists  of  about  300  individual  parts  that  have  to  be  welded  at  two  positions. 
The  number  of  welds  per  ready  mounted  component  therefore  comes  up  to  600.  If  a  single  weld  has  a  defect,  the  whole 
component  is  scrap.  The  high  number  of  welds  requires  a  fast  and  reliable  welding  process  to  manufacture  the  number 
of  units  needed  in  the  automotive  industry  and  if  the  component  should  to  become  a  mass  product  the  manufacturing 
has  to  be  cost  effective,  too. 


Table  5: 

Process  Capability 

Pulse  Mode 

Continuous  Wave 

Mode 

SHADOW 

VDI  Guideline  3258, 

Invest 

One  Shift, 

Nd:YAG-Laser 

82  0006 

160  000  6 

92  0006 

1  280  Hours  per  Year 

Clamping 

40  0006 

40  0006 

40  000  6 

Motion  System 

30  0006 

35  000  6 

35  000  6 

Handling  System 

55  0006 

55  000  6 

55  0006 

Controlling  Systems 

50  000  6 

50  000  6 

500006 

272  0006 

355  0006 

287  0006 

Machine  Cost  per  Hour 

Fixed  Machine  Costs 

53.13  6/h 

69.34  6/h 

56.05  6/h 

Variable  Machine  Costs 

13.28  6/h 

17.33  6/h 

14.01 6/h 

66.41 6/h 

86.67  €/h 

70.06  6/h 

Operation  Costs  per  1  m  Weld  Seam 

Machine  Costs 

66.41  6/h 

86.67  6/h 

70.06  6/h 

Maximum  Feed  Rate 

1  m/min 

20  m/min 

30  m/min 

1.116 

0.076 

0.046 

Table  5  compares  pulse  mode,  continuous  wave  mode  and  SHADOW  welding  in  respect  of  the  operation  costs  per  1  m 
weld  seam.  The  laser  for  pulse  mode  welding  is  supposed  to  be  slightly  less  expensive  than  a  pulsed  laser  for 
SHADOW  welding,  whereas  the  price  of  a  continuous  wave  laser  is  doubled.  The  motion  system  for  continuous  wave 
welding  as  well  as  for  SHADOW  welding  is  more  expensive  due  to  the  higher  feed  rate  required.  The  listed  fixed 
machine  cost  are  calculated  from  the  invest  and  the  specifications  of  the  VDI  guideline  3258  and  the  variable  machine 
cost  are  estimated  to  25%  of  the  fixed  machine  costs.  Finally,  the  operation  costs  per  1  m  weld  seam  equals  the  machine 
costs  per  hour  divided  by  the  maximum  feed  rate. 

Because  of  the  lowest  feed  rate  pulse  mode  welding  is  the  most  expensive  welding  technique  at  1.11  €/m.  Continuous 
wave  welding  is  less  expensive  (0.07  €/m)  than  pulse  mode  welding  but  rare  in  micro  applications  due  to  the  poor  beam 
quality  of  continuous  wave  lasers.  The  operation  costs  per  meter  weld  seam  for  SHADOW  welding  are  about  half  of 
that  for  continuous  wave  welding.  Furthermore,  most  applications  using  pulse  mode  welding  can  be  converted  to 
SHADOW  welding  easily  and  well-priced. 


4.  CONCLUSION 

SHADOW  welding  reduces  distortion  as  well  as  contamination  due  to  low  and  accurate  energy  deposition  into  the 
components.  Even  difficult-to-weld  materials  such  as  copper  or  brass  can  be  welded  at  a  high  reproducibility. 
SHADOW  welding  generates  a  stable  and  robust  process.  The  high  feed  rate  leads  to  a  low  processing  time.  Deploying 
a  well-priced  pulsed  laser  for  quasi  continuous  wave  welding  results  in  low  operation  costs.  SHADOW  welding  is  a 
cost  effective  process  for  the  mass  production  of  micro-parts. 
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Table  6: 


Pulse  Mode 

Continuous 
Wave  Mode 

SHADOW 

Operation  Costs  per  1  m  Weld  Seam 

1.11  € 

0.07  6 

0.04  6 

Minimum  Spot  Diameter 

50  pm 

300  pm 

50  pm 

Maximum  Feed  Rate 

1  m/min 

20  m/min 

30  m/min 

Processing  Time 

1.5  s 

0.5  s 

0.1  s 

Contamination 

high 

low 

low 

Distortion 

high 

low 

low 

Process  Control  (Monitoring) 

yes 

yes 

yes 

Online  Power  Control 

limited 

yes 

expected 

Micro  Applications 

yes 

limited 

yes 

Table  6  sums  up  the  characteristics  of  all  three  welding  techniques.  SHADOW  welding  combines  all  the  advantages  of 
both,  pulse  mode  welding  as  well  as  continuous  wave  welding.  High  speed  and  low  cost  processing  of  micro-parts 
without  contaminating  or  distorting  the  components. 
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Laser  penetration  spike  welding. 

A  welding  tool  enabling  novel  process  and  design  opportunities. 


D.K.  Dijken®,  W.  Hovinga,  J.  Th.  M.  De  Hossonb 
“Philips  Electronics,  Centre  for  Industrial  Technology,  The  Netherlands 
bUniversitv  of  Groningen,  Materials  Science  Centre,  The  Netherlands 


Abstract 

A  novel  method  for  laser  welding  for  sheet  metal  is  presented.  This  laser  spike  welding  method  is  capable  of  bridging 
large  gaps  between  sheet  metal  plates  (gaps  of  more  than  100%  of  the  top  plate  thickness).  Novel  constructions  can  be 
designed  and  manufactured.  Examples  are  light  weight  metal  epoxy  multi-layers  and  constructions  having  additional 
strength  with  respect  to  rigidity  and  impact  resistance.  Its  capability  to  bridge  large  gaps  allows  higher  dimensional 
tolerances  of  parts  and  positioning  equipment.  Furthermore  higher  yields  can  be  obtained  in  view  of  the  larger 
tolerances  in  production.  The  required  laser  systems  are  commercially  available  and  are  easily  implemented  in  existing 
production  lines.  The  lasers  are  highly  reliable,  the  resulting  spike  welds  are  quickly  realised  and  the  cost  price  per 
weld  is  very  low. 

Keywords:  Laser  welding,  spike,  spot,  penetration,  gap,  pulse  shape,  rivet,  multi  layer 


1  Introduction 

With  conventional  laser  penetration  spot  welding  of  sheet  metal,  process  engineers  often  apply  a  relatively  high  laser 
power  and  short  pulse  time.  Within  a  few  milliseconds  the  weld  spot  is  at  vapour  temperature  and  metal  vapour  or  a 
plasma  plume  is  created.  When  the  recoil  pressure  from  the  plasma  plume  is  above  certain  limits,  a  keyhole  is  created 
in  the  melt. 

One  of  the  objectives  of  the  EU  sponsored  project  CLAW  (Clean  and  low  distortion  accurate  welding  of  micro  parts; 
see  acknowledgement)  is  to  develop  a  clean  laser  penetration  spot  welding  process.  A  lower  laser  power  and  a  longer 
pulse  time  leads  to  a  heat  conduction  welding  process.  The  melt  stays  just  below  the  metal  boil  temperature  and 
contamination  of  the  product  and  the  equipment  is  reduced  by  more  than  90%. 

During  welding  the  specific  volume  of  the  melt  increases  by  approximately  20%.  In  this  way,  using  the  heat 
conduction  welding  process,  the  maximum  gap  that  can  be  bridged  is  limited  to  typically  30%  (of  the  top  plate 
thickness).  Subsequently  a  new  welding  method  was  developed  with  which  larger  gaps  can  be  bridged.  The  idea  is  to 
firstly  create  a  quiet  melt  in  the  top  plate.  At  the  end  of  the  laser  pulse  the  melt  is  pushed  towards  the  opposing  plate. 
This  is  achieved  with  a  ‘spike’,  added  to  the  heat  conduction  pulse  (high  laser  power  P>lkW;  short  pulse  time, 
t<0.3ms).  It  was  found  that  gaps  of  up  to  100%  and  more  of  the  top  plate  thickness  can  be  bridged. 

In  production,  parts  with  larger  dimensional  tolerances  can  be  welded  using  this  novel  method.  Further,  it  gives 
possibilities  for  mechanical  engineers  to  create  novel  product  designs  in  which  large  gap  constructions  are  chosen  for 
functionality  reasons. 


2  Equipment  and  materials 

2.1  Applied  laser 

A  commercially  available  pulsed  Trumpf  Nd:YAG  124p  laser  was  used  for  the  experiments.  The  maximum  laser 
power  is  6kW,  the  maximum  pulse  time  is  20ms  and  the  minimum  sector  time  is  0.1ms. 

The  generated  laser  light,  with  a  wavelength  of  1064nm,  is  transported  through  a  400pm  diameter  fibre.  At  the  end  of 
the  fibre  the  intensity  distribution  is  homogeneous  or  ‘top  hat’.  With  a  standard  optical  system  the  laser  spot  size  is 
imaged  and  enlarged  to  a  600pm  spot  diameter  on  the  work-piece.  A  typical  laser  spike  weld  pulse-shape  is  shown  in 
Figure  1,  where  a  P=1.7kW,  t=0.2ms  spike  is  added  to  a  P=300W,  20ms  basic  pulse. 


Photon  Processing  in  Microelectronics  and  Photonics,  Koji  Sugioka,  Malcolm  C.  Gower, 
Richard  F.  Haglund,  Jr.,  Alberto  Piqu6,  Frank  Trager,  Jan  J.  Dubowski,  Willem  Hoving,  Editors, 
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set  laser  pulse  shape 


measured  laser  pulse  shape 
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Figure  1  Typical  spike  weld  profile:  set  profile  (left)  and  measured  profile  (right)  for  the  Trumpf  HL124P  laser. 


2.2  Materials 

X8CrNil812  stainless  steel  has  been  used  for  the  experiments.  The  for  this  article  relevant  material  properties  for  this 
material  are:  specific  mass  p(0)=7900kg/m3  and  surface  tension  coefficient  Y=1.87N/m  (iron  value). 

Sheet  metal  spacers  were  applied  to  obtain  the  required  gaps  between  the  plates.  In  this  study  the  distance  between  the 
edge  of  the  spacer  and  the  centre  of  the  laser  weld  is  approximately  1mm  at  maximum.  The  laser  penetration  spot  weld 
geometry  is  shown  in  Figure  2  (cross  section  view). 


laser  beam 


melt 

top  metal  plate 

.gap 

bottom  metal  plate 

Figure  2  Geometry  for  laser  penetration  spot  welding. 


3  Spike  pulse  time  estimation 

3.1  Introduction 

With  spike-welding,  a  quiet  heat  conduction  melt  is  first  created  throughout  the  top  plate.  Once  the  melt  is  obtained  a 
metal  vapour  plume  is  created  by  applying  a  short,  high  power  laser  pulse.  With  high  speed  camera  analysis  it  was 
determined  that  the  resulting  vapour  plume  height  increases  approximately  linearly  with  time.  This  leads  to  a  constant 
recoil  pressure  on  the  melt,  pushing  the  molten  material  towards  the  opposite  plate. 
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High  speed  camera  recordings  were  performed  with  a  Kodak  EKTAPRO  system.  Illumination  was  done  with  an  ILT 
Dioweld  50  laser.  Figure  3  shows  four  high  speed  camera  frames  of  a  spike  weld,  being  formed  (laser  beam  comes 
from  the  left).  At  first  a  heat  conduction  melt  is  made  in  the  top  plate,  after  which  the  melt  is  pushed  down  on  the 
bottom  plate.  The  molten  droplet  wets  the  bottom  plate  as  can  be  seen  in  the  fourth  frame. 


Figure  3  High  speed  camera  recording  showing  how  a  spike  weld  is  being  made. 


3.2  Resonance  frequency 

In  order  to  estimate  the  required  spike  time,  the  resonance  frequency  of  the  melt  is  calculated.  If  the  time  constant  of 
the  melt  is  T,  then  the  spike  time  4,  should  be  typically  equal  to  lA.T  to  be  fully  efficient. 

The  surface  melt  contact  area,  Am  [m2],  between  melt  and  air  is  given  by: 

Am  =  2jr.(r  2  +a2).  (D 

where: 

rm  [m]  radius  of  the  melt 

a  [m]  amplitude  of  the  melt 

The  surface  free  energy  of  the  melt  is  given  by: 

Er=Amy=2jr.y.(rm2+a2).  (2) 

where: 

y  [N/m]  surface  tension 

The  force  constant  Km  [N/m],  of  the  melt  is  given  by: 

s2e 

Km  =?-=-  =  4jr.y.  (3) 


The  mass  of  the  melt  mm  [kg],  is  given  by: 

mm  =PoVo  =X-Po-h-rm2-  W 

where: 

po  [kg/m3]  stainless  steel  specific  mass  at  room  temperature 

V0  [m3]  volume  of  metal  to  be  molten 

h  [m]  plate  thickness 

Combining  of  equations  3  and  4  finally  leads  to: 

/  =—  =  — !—  (5) 

"  2jt  y  mm  K.rm  y  p0.h 

For  a  laser  pulse  of  P=300W,  t=16ms,  the  resulting  melt  radius  at  the  bottom  side  of  the  top  plate  is  typically 
r=275.10'6m.  When  h=250.10'6m,  this  leads  to  fm=1033Hz,  so  the  oscillation  period  of  the  melt  is  Tm=0.97ms.  With  a 
P=1500W,  t=0.2ms  spike,  the  values  Tm  and  fm  are  determined  with  a  high  speed  camera:  Tm=0.87ms  and 
fm=  1 149Hz.  So  for  an  effective  spike  weld,  the  pulse  length  of  the  spike  should  be  0.2-0.3ms  at  maximum. 
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4  Process  and  design  opportunities 

The  above  described  laser  spike  weld  technique  will  increase  process  as  well  as  product  design 
opportunities. 


4.1  Process  opportunities 

With  the  laser  penetration  spike-welding  method,  very  large  gaps  can  be  bridged  in  production.  Variable  gaps  are  the 
result  of  dimensional  tolerances  of  parts  and  tool  positioning  equipment.  Figure  4  shows  cross  sections  of  spike  welds 
in  250pm  thick  X8CrNil812  stainless  steel. 


Figure  4  Cross-sections  of  laser  penetration  spike  welds  in  250pm  thick  sheets  of  X8CrNil812  stainless  steel.  All 
welds  have  been  made  with  the  same  laser  pulse-shape. 


The  gaps  are  0%  (20pm),  50%  (125pm)  and  100%  (250pm)  of  the  top  layer  thickness.  The  yield  strengths  are  98N, 
?5N  and  53N  respectively.  All  welds  have  been  made  with  the  same  energy  E=6.7J.  The  pulse-shape  is:  t=0-14ms, 
P=325W;  t=14-14.3ms,  P=1650W;  t=15.3-20ms,  P=325W,  laser  spot  diameter  is  600pm.  The  spike  creates  a  narrow, 
approximately  10mm  high  plasma  plume 


If  the  largest  gap  expected  in  production  circumstances  is  only  50%,  the  spike  power  can  be  reduced  to  approximately 
P=825W.  In  this  way,  the  plasma  plume  contamination  from  the  spike  is  reduced  by  a  factor  of  2.  If  the  largest  gap 
expected  is  20%  or  less,  the  spike  can  be  omitted,  resulting  is  a  zero  plasma  plume. 

It  was  found  that  spike  welding  is  a  very  robust  process.  The  observation  is  that  once  the  melt  touches  the  bottom 
plate,  it  will  always  wet  the  bottom  plate  repeatably  and  create  a  repeatable  weld  strength,  depending  only  on  the  gap. 
The  spike  can  be  set  a  few  ms  earlier  or  later  in  the  pulse-shape  without  causing  problems.  The  spike  height  and  width 
can  also  be  altered  by  typically  10%  and  30%  and  still  create  a  reliable  weld.  The  optimum  ratio  of  laser  spot  diameter 
to  sheet  metal  plate  thickness  is  determined  to  be  1.5  to  2.5.  However,  600pm  sheet  metal  has  been  spike  welded  with 
a  600pm  laser  spot  diameter,  leading  to  a  ratio  of  1 .  In  that  case  a  longer  40ms  basic  pulse  time  is  necessary  to  firstly 
create  the  through  melt  in  the  top  plate.  The  spike  can  then  be  given  at  39ms.  For  this  experiment  a  modified  Trumpf 
laser  was  applied  which  can  produce  pulses  up  to  40ms. 


4.2  Design  opportunities 

A  first  example  is  a  sheet  metal  multi-layer,  see  Figure  5.  The  plates  are  welded  on  top  of  each  other,  one  by  one.  With 
a  temporary  sheet  spacer  the  gap  width  is  set  prior  to  welding.  This  is  important  since,  when  the  spacer  is  omitted,  the 
gap  in  between  the  plates  shrinks  by  roughly  20%  during  cooling.  No  costly  spacer  parts  have  to  be  left  inside  the 
product  and  the  spacers  can  be  reused  for  the  next  weld. 

Application  possibilities  are  ridged  and  light  weight  constructions,  where  the  multi-layer  can  be  filled  with  epoxy. 
This  can  be  of  relevance  for  the  aviation  industry.  The  multi-layer  construction  could  also  serve  as  an  active  heat 
shielding  plate  in  generators  or  car  engines.  A  multi-layer  construction  can  also  be  applied  for  quick  cooling  of  liquids 
in  the  food  process  industry. 
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Figure  5  Lightweight,  rigid  and  impact  resistant  multi  layers  can  easily  be  obtained.  Stiffness  is  increased  when 
the  space  in  between  the  plates  is  filled  with  epoxy. 

A  second  example  is  shown  in  Figure  6.  Here  the  spike  weld  serves  as  an  axis  in  a  hinge  or  sliding  plate  construction. 
It  was  determined  experimentally  that  the  tolerances  between  hinge  and  middle  plate  is  about  100pm  at  minimum.  The 
construction  is  cheap  since  no  additional  screws  and  spacers  are  required. 


Figure  6  The  spike  weld  serves  as  an  axis  in  a  hinge  or  a  sliding  plates  construction. 

A  third  example  is  shown  in  Figure  7.  One  or  more  ‘laser  rivets’  can  be  applied  to  connect  sheets  of  plastic  or  ceramic 
to  a  metal  base.  The  metal  rivet  is  simply  a  cheap  metal  disc,  spike  welded  to  the  metal  base. 


metal  rivet  disc 
plastic  /  ceramic  /  metal 

metal  base 


Figure  7  A  metal  rivet,  obtained  with  spike  weld  technique,  connecting  a  sheet  (ceramic  /  plastic  /  metal)  to  a 
metal  base. 
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5  Conclusions 

A  novel  laser  penetration  spot  weld  method  is  presented.  With  this  so  called  ‘spike-welding*,  welds  can  be  made  even 
if  the  gap  in  between  the  metal  plates  is  up  to  100%  of  the  top  plate  thickness.  Compared  to  conventional  keyhole  laser 
penetration  welding  this  is  an  increase  by  a  factor  2.5-5. 

Laser  spike  weld  technology  offers  new  and  cheap  process  and  product  design  opportunities: 

1)  Process  opportunities:  Parts  with  larger  dimensional  tolerances  can  be  spike  welded  with  less  accurate  parts 
positioning  equipment  (more  robust  weld  processes  and  process  cost  reduction). 

2)  Design  opportunities:  Novel  and  cheap  designs  can  be  realised  a)  connection  of  sheet  plastic  or  ceramic  to  a  metal 
base  with  a  spike  weld  rivet,  b)  a  hinge  construction  can  be  made  where  the  spike  weld  serves  as  an  axis,  c)  ridged 
and  impact  resistant  multi-layers  can  be  realised. 
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ABSTRACT 

This  paper  presents  an  overview  and  future  prospects  of  the  use  of  lasers  for  packaging  by  the  microelectronics  and 
photonics  industry  in  Japan.  Various  kinds  of  lasers  and  material  processing  technologies  have  been  developed  and  applied 
for  manufacturing  electronic  and  photonic  devices  to  meet  the  strong  demands  for  high-performance,  lightweight,  low 
energy-consumption  mobile  digital  consumer  electronics,  broadband  optical  fiber  communications,  low-emission  and  fuel- 
efficient,  easy-to-steer  smart  cars,  etc.  This  paper  emphasizes  solid-state  lasers  as  convenient  and  versatile  light  sources  for 
packaging  advanced  compact  devices  with  sensitive  passive  or  active  components  having  small  feature  sizes.  Some  of  the 
representative  material  processing  applications  using  solid-state  lasers  for  electronic  and  photonic  devices  are,  opaque  and 
clear  defects  repairing  of  LCDs,  trimming  of  functional  modules,  fine-tuning  of  optical  characteristics  of  photonic  devices, 
forming  of  various  micro- vias  for  high-density  interconnection  circuits,  laser  patterning  of  amorphous  solar-cells,  and  high- 
precision  laser  welding  of  electronic  components  such  as  optical  modules,  miniature  relays  and  lithium  ion  batteries.  The 
recent  progress  in  high-power  ultra-short  pulse  solid-state  lasers  seems  to  be  rapidly  increasing  their  processing  capabilities 
such  as  for  fine  adjustment  of  optical  filters,  etc. 

Keywords:  packaging ,  welding,  trimming,  drilling,  patterning,  marking,  annealing,  repairing,  photonic  devices,  lasers 


1.  INTRODUCTION 

Laser  materials  processing  has  several  excellent  features,  which  are  increasingly  satisfying  industry’s  requirements  such  as 
for  high-speed,  high-precision,  clean  and  flexible  processing  technologies  for  swift  delivery  of  high-value  added 
innovative  products  with  minimized  or  reasonable  costs. 

Various  laser  materials  processing  technologies  have  been  developed  and  been  applied  for  manufacturing  electronic  and 
photonic  devices,  because  of  their  widely  different  requirements  for  treating  thin-films,  thick-films,  metals,  polymers, 
ceramics,  optical  glasses,  etc1.  Owing  to  the  recent  increased  demands  for  light-weight,  broad-band  and  mobile  electronic 
appliances  with  high-speed  internet  access  capability,  such  as  advanced  cellular  phones,  digital  still  cameras,  note  PCs 
(personal  computers),  portable  digital  assistants  (PDAs),  fine  laser  materials  processing  based  on  compact  and  highly- 
stabilized  pulsed  lasers  are  becoming  vital  and  indispensable  technologies  for  the  development  and  manufacturing  leading- 
edge  products  in  electronics  and  photonics  industry.  High-precision  welding  is  used  for  fabrication  of  parts  or  assembling  of 
wide  variety  of  electric  and  photonic  components.  Compact  and  highly  efficient  diode-pumped  and  Q-switched  solid-state 
lasers  in  second  or  third  harmonic  operation  mode  as  well  as  in  fundamental  wave  mode  are  now  being  increasingly 
incorporated  in  various  laser  materials  processing  systems  such  as  for  repairing,  marking,  drilling  and  patterning.  Excimer 
lasers  are  being  extensively  utilized  in  lithography  and  annealing.  Emerging  technologies  based  on  ultra-short  pulse  lasers 
seems  to  be  very  promising  for  fabrication  or  fine-tuning  of  novel  optical  waveguide  devices  for  broadband  optical 
communications. 

This  paper  briefly  summarizes  what  parts  or  devices  are  utilizing  what  kinds  of  laser  materials  processing  and  what  kinds  of 
lasers  are  currently  preferably  utilized.  Detailed  explanation  will  be  given  on  the  technological  state  of  the  arts  and  trends  in 
the  use  of  lasers  for  packaging  by  microelectronics  and  photonics  industry  in  Japan. 
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2.  SUMMARY  OF  REPRESENTATIVE  APPLICATIONS 

Some  represenlative  applications  of  laser  materials  processing  used  for  packaging  by  electronics  and  photonics  industry  are 
summarized  in  Table  1.  With  a  glance  at  Table  1,  it  can  be  safely  said  that  almost  all  present-day  leading-edge  broad-band 
and  mobile  or  multimedia  electronic  appliances  are  at  least  utilizing  some  devices  treated  with  laser  material  processing.  For 
example,  key  devices  such  as  LSIs,  thin-film  transistor  (TFT)-LCDs,  multi-layer  build-up  circuit  boards,  lithium  ion 
batteries,  optical  modules,  are  increasingly  utilizing  some  kinds  of  laser  materials  processing. 


Table  1.  Representative  applications  of  laser  materials  processing  used  for  packaging  by  electronics  and  photonics  industry 


Classification 

Components  or  devices 

Applications  of  laser  materials 
processing 

Typical  lasers  used 

Semiconductor 

devices 

Memory  repairing 

High  precision  spot  welding 

IC  package  marking 

Interposer  micro-via  drilling 

Q-switched  solid-state  lasers 
Pulsed  Nd:YAG  lasers 
Q-switched  solid-state  lasers 
Q-switched  solid-state  lasers 

Display  devices 

TFT-LCDs 

Color  filters  for  LCD 

Poly-Si  TFT-LCD 

TV  tubes 

TFT-LCD  repairing 

Color  filter  repairing 

Low  temperature  excimer  laser  annealing 
High  precision  electron-gun  spot  welding 

Q-switched  solid-state  lasers 
Q-switched  solid-state  lasers 
XeCI  excimer  lasers 

Pulsed  Nd:YAG  lasers 

Electric  and 
photonic  circuit 
components 

Chip  resistors 

Capacitors 

Quartz  oscillators 

Printed  circuit  boards 

Relays 

Component  packages 

Optical  waveguide  devices 

Resistor  trimming 

Electrode  terminals  welding 

Quartz  oscillator  tuning 

Build-up  circuit  board  via  drilling 
Assembling  by  laser  spot  welding 
Component  package  marking 

Refractive  index  modification 

Q-switched  solid-state  lasers 
Pulsed  NdrYAG  lasers 
Q-switched  solid-state  lasers 
Pulsed  C02  lasers 

Pulsed  Nd:YAG  lasers 

Nd:YAG  or  CO2  lasers 

UV  or  ultra-short  pulse  lasers 

Peripheral 

devices 

Micro-motors 

Hard  disk  sliders 

Ink-jet  printer  heads 

Key  boards,  key  pads 

Magnetic-core  thin-plates  seam  welding 
HD  slider  suspension  spot  welding 

Ink-jet  printer  nozzle  drilling 

Laser  marking 

Pulsed  NdrYAG  lasers 

Pulsed  NdrYAG  lasers 

KrF  or  ArF  excimer  lasers 
Q-switched  solid-state  lasers 

Energy  devices 

Lithium  ion  batteries 

Amorphous  silicon  solar- 
cell  modules 

Seam  welding  of  battery  cases  and 
electrode  terminal  spot  welding 

Laser  patterning  of  amorphous  silicon 
solar  cell  modules 

Pulsed  NdrYAG  lasers 

Q-switched  solid-state  lasers 

3.  TYPICAL  LASERS  USED  IN  ELECTRONICS  AND  PHOTONICS  INDUSTRY 

As  shown  in  Table  1,  various  kinds  of  lasers  in  the  wavelength  range  from  deep  UV  to  mid  infra-red  (IR)  are  used  in 
electronics  and  photonics  industry  depending  on  the  applications.  Typical  lasers  used  in  the  electronics  and  photonics 
industry  have  average  powers  in  the  range  from  one-tenth  of  watts  to  several  hundred  watts.  For  micro-welding 
applications,  pulse-pumped  NdrYAG  lasers  with  fiber  beam  delivery  with  pulse  widths  in  the  range  from  one-tenth  of 
milliseconds  to  tens  of  milliseconds  are  commonly  utilized.  However,  for  processing  thin-film  or  thick-film  devices,  high- 
peak  power  and  short  pulse  Q-switched  solid-state  lasers  having  peak  power  exceeding  lOkW  and  pulse  widths  below  100 
ns  are  most  frequently  used  to  reduce  heat-affected  zone  and  attain  highly  precise  material  removal  or  surface  treatment. 
Typical  solid  state  lasers  used  are  either  Nd:YAG,  Nd:YLF,  or  Nd:YV04  lasers.  They  are  used  either  in  fundamental  (IR) 
operation  mode  or  in  second  harmonic  (green),  or  third  and  higher  harmonic  (UV)  operation  mode.  For  Q-switched  laser 
applications,  compact  and  highly  efficient  diode-pumped  solid-state  lasers  in  second  or  third  harmonic  operation  mode  as 
well  as  in  fundamental  wave  mode  are  now  being  preferably  utilized  than  lamp-pumped  lasers.  UV  or  deep  UV  excimer 
lasers  are  extensively  used  for  low-temperature  annealing  of  poly-silicon  devices,  ink-jet  printer  nozzle  drilling  etc.  Short 
pulsed  CO2  lasers  are  increasingly  used  for  build-up  circuit  board  via  drilling,  plastic  package  or  paper  label  marking,  etc. 
For  low  power  application  of  CO2  lasers,  RF -excited  waveguide  type  lasers  are  predominantly  utilized.  For  novel  optical 
waveguide  device  fabrication  by  refractive  index  modifications,  deep  UV  excimer  lasers  or  ultra-short  pulsed  lasers  are 
emerging  as  promising  candidates. 


562  Proc.  SPIE  Vol.  4637 


4.  REPRESENTATIVE  APPLICATIONS  AND  TECHNOLOGICAL  TRENDS 

4.1  Laser  welding 

4.1.1  Laser  spot  welding 

Laser  spot  welding  is  well  suited  for  assembling  precise  electronic  or  photonic  components  accurately  with  high  throughput. 
Laser  spot  welding  is  useful  not  only  for  miniaturization  but  also  for  accurate  and  secure  connection.  Laser  spot  welding  has 
been  extensively  utilized  for  assembling  electronic  guns  for  TV  tubes,  fiber-optical  devices  such  as  LD  (laser  diode) 
modules2'3  and  polarization  beam  combiners4,  etc.,  miniature  power  relays5  and  signal  relays6,  ultra-light  and  thin 
suspensions  for  haid-disk  head  sliders,  etc.  Figure  1  shows  an  example  of  miniature  power  relays5  for  automotive  motor 
control  application  assembled  by  laser  spot  welding.  About  40%  volume  reduction  has  been  obtained  as  compared  with  the 
conventional  model.  As  for  miniature  signal  relays,  the  productivity  and  reliability  were  remarkably  improved  by 
introducing  laser  welding  as  a  joining  method  for  the  coil  terminal  and  hinge  spring6.  Further  application  of  laser  welding 
technology  to  contact  points,  coil  winding  terminals,  high-conductive  materials  are  being  examined  for  further 
miniaturization  and  higher  reliability  of  the  relays.  Laser  spot  welding  is  also  applied  for  joining  terminal  tabs  or  leads  to 
lithium  batteries  as  shown  in  Fig.  2,  double-layer  capacitors,  etc.  to  attain  enough  joining  strength  with  minimized  heating 
effects  to  the  internal  compounds.  In  order  to  miniaturize  tantalum  chip  capacitors  down  to  1608-size,  face  down  terminals 
tantalum  chip  capacitors  as  shown  in  Fig.  3,  have  been  developed  by  introducing  laser  spot  welding  for  joining  the  anode 
terminal  and  anode  lead  wire7.  An  average  joint  strength  of  laser-welded  parts  has  been  measured  to  be  more  than  two-fold 
higher  as  compared  with  that  obtained  by  conventional  resistance  welding  method. 

Owing  to  the  rapid  progress  in  information  technology,  requirements  for  optical  modules  to  be  used  in  optical  fiber 
teWmnmiinifatinn  systems  are  appreciably  becoming  sophisticated  and  demanding.  To  meet  the  stringent  requirements  for 
highly  reliable  and  stable  optical  modules,  an  advanced  mini-laser  welder,  M800C,  specially  designed  for  low  post-weld 
shift,  high  precision  spot  welding8,  has  been  developed.  This  laser  equipment  has  features  in  highly-stabilized  laser  output 
power,  digital  pulse  shape  control  and  highly-balanced  beam  dividing  for  simultaneous  three-point  welding  as  shown  in  Fig. 
4.  It  can  deliver  equally  divided  three  beams  with  less  than  +/-1 .0%  error  for  the  typical  output  range  used  for  spot  welding. 


Fig.  1  Miniature  power  relays  for  automotive  application. 


Fig.  2  Lithium  batteries  with  laser-welded  terminal  tabs. 


Anode.lead  wire  Capacitor  element 


Anode  terminal 


Cathode  terminal 


Fig.  3  Structure  of  novel  small  tantalum  capacitor 


Fig.4  Simultaneous  three-point  spot  welding  for  optical  modules. 
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4.U  Laser  sob  welding 

Pulsed  Nd:  YAG  laser  based  seam  welding  has  been  extensively  utilized  in  assembling  prismatic  lithium-ion  battery  cells, 
fuel  injectors,  pressure  sensors,  magnetic  cores  for  miniature  motors,  etc.  High-power,  high-repetition  rate  pulsed  laser 
enables  high-precision  and  high  speed  seam  welding.  For  seam  welding  for  joining  various  electronic  parts,  NdrYAG  lasers, 
having  average  power  in  the  range  from  200W  to  1200W,  peak  power  in  the  range  from  5  kW  to  20  kW  and  maximum 
pulse  repetition  rate  up  to  500  pps,  are  dominantly  utilized.  Figure  5  shows  an  example  of  prismatic  lithium-ion  battery 
seam  welded  by  pulsed  NdrYAG  laser.  Leak-free,  excellent  welding  quality  has  been  obtained  with  good  surface  bead 
appearance,  without  causing  any  serious  deterioration  of  heat  sensitive  chemical  components.  Methods  for  penetration 
instability  prevention  have  been  investigated  for  seam  welding  of  A3003  aluminum  alio/-10.  Pulse  shaping  has  been  found 
very  effective  to  improve  the  quality  of  aluminum  welding  in  suppression  of  cracks  and  imperfect  joining  Miniature  thin- 
plate  stacked  parts  such  as  micro-motor  cores,  magnetic  head  cores,  etc.  have  been  mass  produced  by  FASTEC® 
technology  (Fastening  and  Skewing  TEChnology  of  KURODA),  utilizing  NdrYAG  laser  seam  welding  in  a  high-speed 
sutomatic  press  system  .  Micro-motor  cores  with  diameter  as  small  as  2  mm  have  been  manufactured  as  shown  in  Fig.  6. 


External  view  of  battery  seam  welded  by  laser.  Fig.6  Micro-motor  cores  fabricated  by  laser  seam  welding  of 

stacked  thin  plates,  (a)  External  view;  (b)  Magnified  view. 
(Photo:  courtesy  of  KUDADA). 

42  Laser  Trimming 

Owing  to  die  increased  demands  for  portable  and  compact  electric  appliances  such  as  cellular  mobile  phones,  digital 
cameras,  notebook  PCs,  etc.  laser  trimming  markets  such  as  for  smaller  chip  size  resistors,  ultra-low  resistance  chip  resistors 
for  current  monitoring,  and  voltage  controlled  oscillators  (VCOs)  have  expanded.  Currently,  dominantly  mass-produced 
thick-film  resistor  chip  size  seems  to  be  shifting  from  1608  (1.6mm  X  0.8mm  )  to  1005  (1.0mm  X  0.5mm)  size  and  the 
production  share  of  novel  0603  (0.6mm  X  0.3mm  )  size  is  noticeably  increasing.  A  high  speed  and  high  precision  lagw 
trimmer  NEC  SL436H,  equipped  with  6W  average-power  diode-pumped  Nd:YAG  laser  having  pulse  width  control 
function,  has  recently  been  developed  for  small  chip  size  resistors12  Figure  7  shows  a  scanning  electron  microscope  (SEM) 
photograph  of  laser  trimmed  thick-film  0603  type  resistor.  Figure  8  shows  an  example  of  copper  film  cutting  on  glass  epoxy 
substrate  with  532-nm,  frequency-doubled  Nd:YAG  laser  for  inductance  adjustment  of  a  high-frequency  circuit 


Fig.  7  SEM  photograph  of  laser  trimmed  thick-film  0603  type  Fig.  8  Cutting  of  Cu-film  on  glass  epoxy  substrate, 

chip  resistor.  Kerf  width:  ca.  20  u  m.  Thickness:  40  fi  m. 
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For  applications  of  field  trimming  after  packaging,  especially  designed  trimmarable  chip  resistors  and  chip  capacitors  have 
been  developed  by  several  manufacturers.  As  for  thin  film  trimmarable  chip  resistors,  the  resistive  metal  thin  film  is 
oxidized  by  Nd:YAG  laser  and  turns  into  insulation  material.  The  passivasion  coat  material  over  the  resistive  film  is  99  % 
transparent  for  Nd:  YAG  laser.  Therefore  there  is  no  damage  on  passivation  material  and  no  further  process  is  required  . 


43  Laser  via  drilling 

Build-up  printed  circuit  boards  are  extensively  utilized  in  portable  and  personal  digital  electronic  appliances  such  as  cellular 
mobile  phones,  PDAs,  digital  video  cameras  (DVCs)  and  digital  still  cameras  (DSCs).  Laser  via  drilling  is  increasingly  and 
preferably  utilized  with  pulsed  C02  lasers  for  drilling  smaller  vias  in  the  range  70-150  p  m  in  diameter.  Efforts  are  being 
to  expand  the  capability  of  pulsed  C02  lasers  toward  drilling  with  lesser  residue  on  the  via  bottom,  direct  drilling  of 
copper  layer,  drilling  very  small-diameter  vias  below  50  p  m,  or  drilling  very  large-diameter  vias  exceeding  500  p  m,  etc. 
By  utilising  recently  developed  high-peak  power,  short-pulse  C02  lasers,  large-diameter  drilling  of  epoxy  resin  up  to  700  p 
m,  direct  copper  layer  drilling  and  small  via  drilling  as  small  as  40  p  m  in  diameter  have  been  demonstrated14. 


Micro- via  drilling  with  repetitively  pulsed  UV  lasers  such  as  frequency-tripled 
(THG)  Nd:YAG  Q-switched  lasers  is  particularly  interesting  for  smaller  via 
drilling  and  excellent  via  shape  without  bottom  layer  residue  problem,  owing  to 
the  excellent  foe  usability  and  higher  absorption  coefficients  of  metal  and 
organic  materials.  A  production  process  consisting  of  full-additive  process  for 
narrower-pad  pitch,  ultra-high  density  build-up  printed  wiring  board  has  been 
developed  by  utilizing  the  Nd:YAG  THG  laser15.  Fig.  9  shows  the  cross 
mrrinnal  view  of  the  50-  p  m  diameter  via  fabricated  using  355nm  NdrYAG 
THG  laser.  Corresponding  design  rule  for  the  ultra-high  density  build-up 
substrates  are,  minimum  via/land  diameter  of  50/75  p  m  and  circuit  line  and 
space  of 25/25  p  m.  Since  UV  Nd:YAG  THG  lasers  are  capable  of  micro-via 
drilling  down  to  below  25  p  m  in  diameter,  they  will  be  increasingly  utilized  in 
the  near  future. 


Fig.9  Cross  sectional  view  of  50-  p  m 
diameter  size  via  fabricated  using 
355nm  NdrYAG  THG  laser15. 


4.4  Laser  marking 

Laser  marking  seems  to  be  the  largest  application  segment  in  electronics  industry,  if  installed  numbers  of  laser  systems  are 
compared  among  various  laser  material  processing  applications.  Continuously  pumped  and  Q-switched  Nd:  YAG  lasers  are 
preferably  utilized  for  marking  various  IC  molded  packages  than  CO2  lasers  because  of  their  capability  of  fast  and  flexible 
marking  with  good  visibility.  Diode-pumped  NdrYAG  lasers  are  preferably  utilized  for  high  precision  marking  because  of 
their  excellent  beam  quality,  reliability,  controllability  and  compactness.  For  marking  silicon  wafers,  there  arc  two  types  of 
laser  marking  technologies,  i.e.,  hard  marking  and  soft  marking.  Fig.  9  shows  an  example  of  hard  marking  with  1.06  p  m 
fundamental  NdrYAG  laser16.  Maximum  hard  marking  depth  is  about  1 50  p  m  in  practice. 

Soft  marking  without  splash  and  debris,  as  shown  in  Fig.  10,  is  performed  by  using 
frequency-doubled  NdrYLF  lasers16 


Figure  1 1  shows  an  external  view  of  diode-pumped,  general-purpose  scanning-type  laser 
marker  SL577A  having  average  power  of  20  W  at  10kHz  Q-switch  repetition  rate.  With 
a  new  type  beam  scanner,  this  compact  NdrYAG  laser  marker  can  do  high-definition 
marking  up  to  300  characters/s17. 


Fig.  9  Cross  sectional  view  of  hard  marking. 
Marking  depth;  60  p  m. 


Fig.10  Cross  sectional  view  of  soft  marking. 
Marking  depth;  6  pm. 


Fig.l  1  Diode-pumped  laser  marker 
SL577A  (NEC). 
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4.5  Laser  annealing  of  TFT 

Low-temperature  poly-Si  (LTPS)  TFT  LCD  has  several  advantages  such  as  capability  of  integrating  a  peripheral  driver 
circuit,  achieving  higher  pixel  density  and  realizing  larger  aperture  ratio  as  compared  with  amorphous  silicon  TFT  LCD, 
owing  to  its  higher  electron  and  hole  mobilities  realized  by  excimer  laser  annealing  (ELA)  process.  FT  A  can  convert 
amorphous  Si  layer  to  polycrystalline  Si  at  low  substrate  temperature  under  430T:,  much  lower  than  high-temperature  poly- 
Si  (HTPS)  technology  which  requires  quartz  substrates,  thus  enabling  use  of  inexpensive,  large-size  glass  substrates.  LTPS 
TFT  LCD  has  initially  found  rapid  and  wide  spread  applications  for  digital  still  cameras  and  digital  video  camcorders.  Now, 
W^^tions  of  LTPS  TFT  LCD  have  much  more  diversified,  including  applications  to  notebook  PCs  with  larger  display 
size  and  applications  to  mobile  equipment  with  higher  display  resolution  and  lower  power  consumption20.  Recently, 
world  s  largest  class  14.1 -class  XGA  (1024X768)  LTPS  TFT  LCD  has  been  developed  by  Toshiba  for  commercial 
notebook  PCs*9.  Since  most  LCD  drivers  can  be  integrated  directly  on  the  display  panel,  LTPS  TFT  LCD  can  reduce  the 
number  of  components  in  the  LCD  module  by  40  %  and  also  reduce  the  number  of  connections  between  drivers  IC’s  and 
electrodes  on  the  panel  by  95%19.  NEC  has  developed  an  ultra  high-resolution  (230ppi)  LTPS  TFT  reflective  LCD  for 
mobile  applications  .  It  has  360  x  480  pixels  for  the  2.6-inch  display  size.  The  LCD-module  power  consumption  was  about 
15  mW  at  a  frame  frequency  of  30Hz  and  it  was  reduced  to  1.7  mW  with  the  newly  developed  partial  driving  method. 

To  further  decrease  the  process  temperature  below  300t:for  LTPS  for  next  generation  poly-Si  based  applications,  sputtering 
technology  of  Si  films  has  been  investigated21.  TFT  mobility  characteristics  of  excimer-laser  annealed  poly-Si  TFTs 
fabricated  with  sputtering  technology  at  substrate  temperature  as  low  as  1 00  ‘C  have  been  investigated. 

4.6  Laser  repairing  of  LCD 

General  trends  of  LCD  fabrication  technologies  are  oriented  toward  larger-size  display  with  smaller  pixel  feature  sizes  for 
higher  resolution.  In  the  LCD  fabrication  processes,  various  kinds  of  specially  designed  LCD  repairing  systems  have  been 
developed  for  TFT-array-fabrication-  ,  cell-assembly-  and  module-assembly  stages22.  There  are  two  kinds  of  basic  repairing 
technologies,  namely,  zapping  (material  removal)  for  repairing  short-circuit  defects  or  foreign  particle  inclusion  defects  and 
CVD  (chemical  vapor  deposition)  for  repairing  open-circuit  defects  or  transparent  bright  defects  in  color  filters,  etc. 

Figure  12  shows  general  technological  trends  and  an  NEC’s  road  map  of  LCD  repairing  systems22.  Owing  to  the  rapid 
increase  in  the  LCD  glass  substrate  sizes,  the  accommodation  capability  of  repairing  systems  are  also  increasing  rapidly. 
Furthermore,  to  meet  the  strong  demands  for  finer  high-precision  processing,  irradiation  wavelengths  are  shifting  toward 
shorter  laser  wavelength  to  UV  region,  around  355  nm,  for  example.  In  Fig.  12,  standard  SL455  series  are  for  zapping 
function  without  CVD  repairing  function.  On  the  other  hand,  standard  SL465  series  have  both  zapping  and  CVD  functions. 


Fig.  12  Road  map  of  LCD  repairing  systems  (NEC) 
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For  CVD  processing  for  large-size  glass  substrates,  elimination  of  bulky  gas  chamber  and  reduction  of  equipment  size, 

weight  and  time-consuming  large-volume  gas  evacuation  _ ' 

are  prerequisite  for  increasing  throughput  with  lower  cost. 

To  meet  the  requirement  of  the  high  throughput  for  H  400  ±  20^ 

repairing  by  laser  CVD,  NEC  has  developed  a  unique  gas- 
curtain  type  processing  unit  as  shown  in  Fig.1323. 

Deposited  films  having  good  electrical  conductivity  and 
adhesion  for  repairing  LCD  substrates  have  been  obtained. 

Fig.  14  shows  an  example  of  about  5  /im  width  deposited 
tungsten  thin-film  by  laser  CVD  for  circuit  wiring24. 


Purge  Gas 
Source  “ 
Exhaust  4 


Glass  Substrate 


Objective 


CVD  Zone 


Fig.  13  Sectional  structure  of  gas-curtain-type  processing  unit. 


Fig.  14  Deposited  tungsten  thin-film  thickness  measurement 
result  by  AFM . 


4.7  Laser  processing  of  optical  waveguide  devices 

Glass  or  silica-based  planar  lightwave  circuits  (PLC) 
provide  various  important  devices  for  both  optical 
wavelength-division  multiplexing  networks  and  optical 
access  networks25.  Nowadays,  applications  of 
femtosecond  lasers  processing  to  transparent  materials  for 
localized  two-  or  three-dimensional  refractive-index 
modification  have  attracted  wide  interests  for  advanced 
photonic  device  fabrication26.  In  the  following,  two  kinds 
of  recently  made  experimental  studies  on  direct  writing  of 
optical  waveguides  and  precise  tuning  of  refractive  index 
in  an  optical  waveguides  are  briefly  introduced. 

4.7.1  Laser  direct-writing  of  waveguide  in  silica  glass 

Figure  15  shows  an  example  of  two  curved  waveguides 
directly  written  in  silica  glass  by  using  800nm  wavelength 
Ti:  sapphire  laser  having  50  fs  pulse  width  and  400  nJ 
pulse  energy  at  250  kHz  repetition  rate27.  The  laser  beam 
was  focused  by  using  a  microscope  objective  lens  with  NA 
of  1.3  and  X  63  magnification.  The  writing  speed  is  about 
lmm/s.  Figure  16  shows  an  example  of  Y-branch  written 
by  using  the  same  femtosecond  laser.  Transmission  loss 
of  directly-written  optical  waveguides  as  low  as  0.2  dB~0.3dB/ 
cm  at  wavelengths  for  optical  communications  have  so  far  been 
obtained27.  Such  direct-writing  of  optical  waveguides  seems  to 
have  a  variety  of  applications  for  optical  device  customization. 


Fig.  16  Directly-written  optical  waveguide  Y-branch 


4.7.2  Refractive  indices  adjustment  in  optical  waveguides 

There  are  various  optical  devices  such  as  optical  filters  utilizing  Mach-Zehnder  (MZ)-type  interferometers  in  which  precise 
optical  length  adjustment  and  subsequent  stabilization  of  phase-shift  are  vitally  important  for  obtaining  high  performance. 
Use  of  focused  beam  of  infrared  ultra-short  pulse  laser  having  150  fs  pulse  width,  200  kHz  repetition  rate,  and  800nm 
wavelength,  has  been  investigated  to  controllably  increase  the  refractive  index  of  germanium-doped  silica  planar 
waveguides28,  with  particular  attention  to  the  questions  of  resultant  occurrence  of  any-induced  insertion  loss  and  the  thermal 
stability  of  the  refractive  index  after  ultra-short  laser  pulse  irradiation. 
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Figure  17  shows  a  schematic  of  a  portion  of  MZ  PLC  device  to 
measure  the  optical  phase  shift  and  the  refractive  change  due  to 
the  laser  pulse  irradiation.  The  laser  irradiated  length  A  l  is  about 
2mm.  The  PLC  (width  32  mm)  has  two  ports  and  a  3dB 
directional  coupler  on  each  ends.  The  amplified  spontaneous 
emission  (ASE)  light  from  an  Er-doped  fiber  (1530-1580  nm) 
was  used  as  a  broadband  light  source  and  die  transmission 
spectra  of  the  output  light  was  measured  with  an  optical 
spectrum  analyzer  at  a  resolution  of  around  0.05  nm.  Figure  18 
shows  an  example  of  transmission  spectra  with  and  without 
femtosecond  laser  pulse  irradiation.  The  laser  beam  was  focused 
through  a  microscope  objective  lens  having  either  xlO  or  x20 
magnification.  The  writing  speed  was  kept  at  100  u  m/s. 

The  refractive  index  change  A  n  (increase)  was  calculated  from 
the  optical  phase  shift.  The  refractive  index  change  was 
measured  for  both  TE  and  TM  modes  by  changing  the  average 
laser  power  from  several  tens  of  up  to  over  300  mW  as  shown 
in  Fig.  19.  For  a  x20  lens.  An  quickly  increased  to  1.6  x  10‘3 
(at  135m W)  and  then,  at  a  reduced  rate  of  increase,  to  a 
saturated  value  of  1.8  x  10 3  (325mW).  The  difference  in  An 
between  TE  and  TM  modes  was  found  small  and  is  less  than 
2%,  when  the  laser  power  was  higher  than  260  mW,  as  shown 
in  Fig.  19. 

Change  of  insertion  loss  was  measured  to  be  negligibly  small 
and  within  an  experimental  error  of  ±0.1  dB  in  the  separately 
made  experiment  using  a  straight  waveguide.  Therefore,  the 
increase  in  refractive  index  appears  to  have  occurred  within  the 
core  area  alone.  Effects  of  annealing  at  200V.  for  10  hours  on 
the  increase  of  refractive  indices  produced  by  the  irradiation 
was  studied.  While  the  increase  of  refractive  indices  produced 
at  65mW  decreased  by  10-20%,  indices  produced  at  130mW  and 
above  showed  negligible  decay,  indicating  that  saturated  An 
values  offer  high  stability  with  respect  heat  The  reason  for  the 
robustness  with  respect  to  annealing  of  the  saturated  A  n  values 
seems  to  be  that  any  Ge-related,  thermally  unstable  centers 
initially  present  in  the  core  had  already  been  eliminated  during 
the  femtosecond  laser  beam  irradiation  time  and  no  unstable 
centers  remains  that  later  create  decay  in  refractive  index  values. 
This  is  in  marked  contrast  to  the  thermal  instability  of  UV- 
induced  refractive  index  increases,  which  will  occur  even  at 
temperature  below  lOOt:.  This  result  shows  that  ultra-short 
pulse  laser  is  superior  to  UV  laser  as  a  light  source  for  adjusting 
refractive  indices  or  optical  lengths  for  high  precision  and 
highly  temperature-robust  optical  devices  such  as  for  AWGs 
(Arrayed  waveguide  grating)  to  be  used  in  the  next  generation 
high-performance  DWDM  optical  fiber  communications. 


Laser  irradiated  part 


A  / 


Fig.  17  Schematic  of  the  portion  of  MZ  PLC  device. 
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5.  CONCLUSION  Fig.  1 9  Increase  in  refractive  index  of  Ge-doped  waveguide 

.  by  femtosecond  ultra-short  pulse  laser  irradiation. 

I  his  paper  presented  an  overview  and  future  prospects  of  the  use  of 

lasers  for  packaging  by  the  electronics  and  photonics  industry  in  Japan.  Various  kinds  of  laser  systems  based  on  solid  state 
lasers  or  gas  lasers  such  as  excimer  lasers  or  C02  lasers  have  been  developed  and  applied  in  manufacturing  electronic  and 
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photonic  devices  to  meet  the  strong  demands  for  high-performance,  lightweight,  low  energy-consumption  mobile  digital 
consumer  electronics,  broadband  optical  fiber  communications,  low-emission  and  fuel-efficient,  easy-to  steer  smart  cars, 
etc.  Sort-pulse  width,  high  peak  power  C02  lasers  are  increasingly  utilized  for  drilling  various  vias  for  build-up  circuit 
boards.  High  average  power  UV  excimer  lasers  are  increasingly  utilized  for  low-temperature  laser  annealing  of  poly-silicon 
for  advanced  TFT  LCDs.  Emphasis  was  placed  on  the  use  of  various  solid-state  lasers  as  convenient  and  versatile  light 
sources  for  packaging  advanced  compact  devices  with  sensitive  passive  or  active  components  having  small  feature  sizes. 
Some  of  the  representative  material  processing  applications  using  solid-state  lasers  for  electronic  and  photonic  devices  are, 
short  and  open  circuit  defects  repairing  of  LCDs,  trimming  of  functional  modules,  fine-adjustment  of  optical  characteristics 
of  photonic  devices,  forming  of  various  micro -vias  for  ultra-high-density  interconnection  circuits,  laser  patterning  of 
amorphous  solar-cells,  and  high-precision  laser  welding  of  electronic  components  such  as  optical  modules,  miniature  relays 
and  lithium  ion  batteries.  Die  recent  progress  in  high-peak-power,  ultra-short-pulse  solid-state  lasers  seems  to  be  rapidly 
increasing  their  processing  capabilities  such  as  for  fine  adjustment  of  optical  filters,  etc. 

Progress  in  high-average  power  light-sources  capable  of  generating  high-repetition-rate,  short  wavelength  or  short  optical 
pulses,  together  with  advancement  in  optics  for  high-precision  materials  processing,  is  expected  to  increasingly  play  a  vital 
role  for  electronic  and  photonic  device  performance  improvement  and  manufacturing  technology  innovation. 
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ABSTRACT 

After  the  invention  of  the  laser  principle  and  its  first  application  for  drilling  of  jewels  in  watch  movements,  the  laser 
was  only  used  for  marking.  The  still  ongoing  trend  of  miniaturisation  and  automation  opened  a  new  field  of  application: 
laser  beam  micro  welding.  This  paper  gives  an  overview  of  the  new  application  of  laser  beam  welding  in  watch 
industry.  The  combination  of  dissimilar  materials  like  brass  and  stainless  steel  is  often  needed  in  watch  movements  due 
to  tribologic  aspects.  Here,  laser  beam  micro  welding  offers  an  alternative  to  conventional  joining  techniques  like  press 
fit  or  gluing.  Since  the  watch  components  are  very  small  the  locally  limited  heat  input  of  the  laser  beam  offers  the 
possibility  of  weld  seam  widths  <200  pm.  The  depth  and  the  width  of  the  closed  weld  seam  as  well  as  the  surface 
quality  can  be  influenced  especially  at  the  end  of  the  seam  using  the  pulse  forming  capability  of  a  pulsed  Nd:YAG  laser. 
Several  watch  components  could  be  joined  by  means  of  laser  beam  micro  welding.  The  width  of  the  seam  could  be 
reduced  to  100-200  pm.  The  joining  geometries  of  an  axis/wheel  combination  are  in  the  range  of  100  pm  to  1mm 
diameter  of  the  axis  and  about  200  pm  wheel  thickness.  The  process  of  laser  beam  micro  welding  could  be  integrated  in 
a  fully  automated  assembly  machine  for  watch  movement  parts. 

This  paper  will  give  an  overview  about  some  results  of  a  European  research  project  where  the  welding  of  microparts 
was  investigated.  The  aim  was  to  decrease  contamination  and  distortion  of  the  parts  during  the  welding  process.  The 
work  to  be  presented  has  been  funded  by  the  European  Commission  in  a  project  under  the  contract  BRPR-CT-0634. 

Keywords:  Laser  beam  micro  welding,  pulsed  Nd:YAG  laser,  pulse  shaping,  microtechnology,  industrial  application, 
watch  making  industry,  dissimilar  materials,  brass 


1.  INTRODUCTION 

The  question  of  friction  between  two  parts  is  crucial  to  the  movement  within  a  watch.  Lubricants  can  normally  not  be 
used  because  of  the  tendency  of  gumming.  Therefore  two  different  materials  are  often  chosen  for  parts  getting  in 
contact.  Three  main  combinations  are  commonly  used: 

Stainless  steel  and  brass 

Stainless  steel  and  copper 

Stainless  steel  and  argentan  (german  silver) 

The  coefficient  of  friction  is  very  low  compared  to  equal  combinations.  Up  to  now  there  are  conventional  joining 
techniques  which  are  mainly  deployed: 

Gluing 

Press  fit 

}  Crimping 
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Gluing  requires  an  additional  processing  step:  The  glue  has  to  be  dispensed.  The  time  between  dispensing  the  glue  and 
the  assembly  of  the  two  parts  to  be  joined  is  crucial  to  this  process.  The  forces  strongly  depend  on  the  ambient 
conditions  like  temperature  and  pressure.  Gluing  normally  is  used  to  join  polymers.  In  the  press  fit  situation  both  parts 
are  slightly  conical.  They  are  assembled  and  pressed  to  each  other.  Doing  this  in  a  specially  designed  tool  delivers  either 
the  force  which  the  joint  can  withstand  or  the  position  of  the  parts  with  respect  to  each  other.  In  the  majority  of  cases, 
the  position  is  therefore  controlled  and  the  forces  are  assumed  to  be  sufficient.  For  crimping  again  the  position 
tolerances  are  fairly  high.  Here  laser  beam  micro  welding  with  the  new  SHADOW  technique  is  a  solution  to  overcome 
the  contradiction  of  accuracy  in  force  and  position  at  a  time. 

Laser  beam  welding  is  a  well  established  manufacturing  technology  in  macro  technology.  The  development  of  new 
laser  sources  with  increased  beam  quality  enables  small  spot  sizes  down  to  50  to  100  pm  with  pulse  power  about  100  to 
200  W.  The  small  spots  sizes  are  needed  since  the  parts  to  be  welded  are  often  very  small.  One  of  the  requirements  in 
watch  industry  is  that  the  weld  seam  should  not  be  seen.  A  seam  width  less  than  100  pm  therefore  should  be  achieved. 

Within  the  last  years  the  laser  beam  welding  has  been  extended  to  welding  of  micro  parts.  The  still  ongoing  trend  of 
miniaturization  strengthened  this  development.  The  combination  of  dissimilar  materials  like  brass  and  stainless  steel  is 
often  needed  in  watch  movements  due  to  tribologic  aspects.  Here  laser  beam  micro  welding  offers  an  alternative  to 
conventional  joining  techniques. 


2.  PROCESS  DEVELOPMENT 

2.1.  Joining  of  Dissimilar  Metals 

The  combination  brass  and  stainless  steel  is  one  of  the  standard  packages  used  in  watch  movements.  The  friction 
coefficient  between  these  two  materials  is  very  low.  Furthermore  brass  can  easily  be  stamped.  Most  of  the  axes  are 
therefore  made  of  stainless  steel  (S20AP)  and  the  wheels  are  stamped  of  brass  (CuZn37).  With  this  materials 
combination,  no  lubricants  are  needed.  However,  the  axes  and  wheels  have  to  be  joint.  Up  to  now,  they  are  mostly 
assembled  in  a  press  fit  joint  where  the  geometrical  tolerances  of  the  single  parts  influence  the  joining  forces.  The 
introduction  of  the  laser  beam  micro  welding  solves  the  contradiction  of  accurate  joining  position  and  sufficient  joining 
force.  The  axes  are  slightly  conical  and  therefore  either  the  position  is  correct  and  the  forces  are  unknown  or  the  forces 
are  correct  and  the  position  depends  on  the  manufacturing  tolerances  of  the  parts.  For  laser  beam  micro  welding  the  two 
parts  are  accurately  positioned.  The  remaining  gap  between  the  parts  can  be  bridged  using  appropriate  laser  parameters. 
Gaps  of  up  to  20  pm  can  be  accepted.  This  leads  to  a  reduction  of  the  manufacturing  tolerances  of  the  single  parts. 


Fig.  1  Joining  of  dissimilar  metals  darkfield  image 

upper  material:  X8CrNi  18  12,  250  pm  thick  No  thoroughly  mixing  of  stainless  steel  and  brass  can  be 

lower  material:  CuZn37,  150pm  thick  observed, 

etched  on  stainless  steel,  bright  field  image 
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The  combination  of  stainless  steel  and  brass  can  be  achieved  using  laser  beam  micro  welding.  Since  the  absorption  of 
brass  is  very  low  (approx.  10  %)  the  laser  radiation  is  coupled  into  the  stainless  steel.  The  melting  of  the  brass  occurs 
due  to  heat  conduction  trough  the  steel  part.  Fig.  1  shows  the  cross  section  of  a  250  pm  stainless  steel  sheet  on  a  150  pm 
brass  plate.  The  melted  and  resolidified  stainless  steel  can  easily  be  seen.  The  joint  is  formed  just  in  the  interface 
between  the  two  parts.  The  two  materials  are  not  mixed.  However  the  samples  are  connected.  The  zone  of  interaction  is 
very  thin. 


2.2.  New  joining  technology  SHADOW 

During  the  above  mentioned  project,  a  new  joining  technology  was  developed.  This  technique  is  called  SHADOW: 
Stepless  High  Speed  Accurate  and  Discrete  One  Pulse  Welding.  It  is  developed  to  weld  small  axially  symmetric 
parts  which  can  be  turned  fast  during  one  single  laser  pulse.  This  technique  combines  the  advantages  of  continuous 
wave  welding  (a  smooth  surface  and  a  high  process  speed)  with  the  possibilities  of  the  pulsed  laser  systems  (lower  costs 
and  the  capability  of  pulse  forming).  Since  the  parts  are  small,  the  latter  advantage  of  pulse  forming  reduces  the  overall 
energy  input  which  is  related  to  distortion  and  deformation  of  the  parts. 

Up  to  now  continuous  wave  (cw)  laser  welding  is  used  only  for  longer  weld  seams  and  for  larger  parts.  A  high  average 
laser  power,  Pav  >500  W,  and  a  high  processing  velocity,  v  >  5  m/min  are  required  for  cw  laser  welding.  Above  all, 
cw  laser  sources  are  more  expensive  than  pulsed  laser  sources.  Nevertheless,  the  joints  obtained  by  cw  laser  welding 
show  a  smooth  surface  and  an  optimized  microstructure  nearly  without  any  pores.  The  energy  per  length  is  less  for  cw 
laser  welding  than  for  pulsed  laser  welding. 

Pulsed  laser  sources  at  present  are  able  to  generate  a  maximum  pulse  duration  of  TH,max  =  20  ms.  To  weld  parts  on  a 
length  of  2  mm  a  processing  velocity  of  v  =  6  m/min  therefore  is  required.  Comparing  the  energy  input 
(Qh  shadow  =  6  J)  to  the  energy  input  for  a  similar  joint  using  the  multi  pulse  technique  where  ten  pulses  without 
overlap  are  needed  (QH.P  =  10  x  2.4  J  =  24  J)  it  is  less  by  a  factor  of  4.  Moreover,  the  joined  parts  show  less  debris  or 
contamination  on  the  surface.  Neglecting  the  time  needed  to  accelerate  the  parts,  the  processing  time  is  dramatically 
reduced. 

Fig.  2  shows  a  comparison  of  a  conventional  weld  seam  with  a  pulsed  Nd:YAG  laser  and  the  SHADOW  technique.  In 
pulsed  mode  130  pulses  with  a  pulse  energy  Q  =  0.1J  are  applied.  The  total  energy  amounts  to  14  J.  In  comparison  the 
SHADOW  technique  only  uses  one  pulse  with  an  energy  Q  =  1.3  J.  The  reduction  of  the  energy  results  in  a  smooth 
surface  without  any  ejection  of  particles  on  the  part  and  a  negligible  distortion. 


Fig.  2  Welding  with  conventional  pulsed  Nd:YAG  laser 
PH  =  1 12  W,  xH  =  1.0  ms,  fP  =  100  Hz,  130  pulses 

Material 

Axis  S20AP  Wheel  CuZn37 

0  0,3  mm 


Advantage  of  SHADOW 

Q  =  1.3  J,  %  =  20  ms,  v  =  3.3  m/min 

Low  contamination  of  the  bright  and  shiny  surface 
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Welding  speeds  up  to  10  m/min  can  be  achieved  by  applying  a  20  ms  pulse  of  a  Nd:YAG  laser  to  a  workpiece.  The 
speed  is  realized  either  by  moving  the  workpiece  or  the  laser  beam  by  means  of  a  scanner  or  a  robot.  The  used  pulse 
power  is  normally  very  low  but  can  be  increased  to  several  kW  depending  on  the  application.  The  parts  in  watch 
industry  are  very  small  therefore  only  small  amounts  of  energy  are  needed.  The  realization  of  this  relative  movement  for 
axially  symmetrical  parts  like  most  of  the  parts  in  a  watch  movement  is  shown  in  Fig.  3. 


3.  HARDWARE  DEVELOPMENT  FOR  ASSEMBLY 

3.1.  Mechanical  setup  for  simple  geometries 

For  basic  investigations  a  simple  experimental  set-up  was  built  up  with  a  rotating  handling  and  adaptable  holders  for  the 
different  parts.  The  fibre  guided  laser  beam  of  a  pulsed  Nd:  YAG  laser  (HL  62  P)is  focussed  onto  the  part.  By  means  of 
a  CCD-camera,  the  positioning  of  the  laser  spot  can  be  observed.  Two  other  imaging  systems  are  used  for  process 
monitoring  such  as  High  Speed  Video  Imaging. 


Fig.  3  Mechanical  setup  for  manual  assembly  Semi-automated  welding  system  for  axes  and  crowns 

With  this  setup  the  following  axes  and  crowns  are  welded  in  a  manually  loaded  process.  The  process  parameters  are  as 
follows: 

One  single  laser  pulse  with  a  pulse  energy  Q  =  2.5  J  and  a  pulse  duration  x„  =  20  ms  is  used  to  create  a  rotational  weld 
seam.  The  part  is  rotating  with  3000  rpm  which  leads  to  a  welding  speed  of  v  =  8.5  m/min.  The  angle  of  incidence  was 
a  =  20°. 

The  mechanical  setup  with  manual  loading  and  unloading  is  shown  in  Fig.  3.  The  complete  machine  comprises  a  high 
speed  rotating  axis  and  a  holder  which  can  be  adapted  to  the  parts  to  be  joined.  The  laser  spot  can  be  positioned  on  a 
3-axes  translation  stage  with  respect  to  the  rotating  part. 
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Fig.  4  Various  watch  components  welded  with  SHADOW 
technique 

On  this  machine  investigations  with  real-world  samples 
materials  have  been  tested. 

3.2.  Semi-automated  Pick  and  place 

A  first  step  of  automation  was  made  with  the  introduction  of  a  4-axes-robot  to  pick  and  place  axes  and  crowns 

A  vacuum  gripper  is  mounted  on  a  -manipulation  system.  The  tip  of  the  gripper  is  adapted  to  both  the  crown  and  the 
axis.  The  four  major  steps  of  the  manufacturing  process  are  illustrated  in  Fig.  5. 

1 .  Pick  and  place  of  the  crown 

2.  Pick  and  place  of  the  axis 

3.  Welding  with  the  SHADOW  technique 

4.  Unloading  of  the  welded  sample. 

The  subsequent  steps  of  storage  and  material  transfer  to  the  following  assembly  processes  are  not  yet  implemented. 

The  cycle  time,  measures  5  s  which  is  limited  by  the  used  manipulation  system.  A  faster  system  with  a  higher  velocity 
was  already  tested  and  installed.  One  pick  and  place  operation  is  made  within  0.5  s. 

Table  1  gives  an  estimation  of  the  cycle  time  for  both  conventional  pulsed  laser  beam  welding  and  the  SHADOW 
technique. 


Inserts  for  sample  holder 


could  be  carried  out.  Several  components  with  different 


Conventional  pulsed  mode 

SHADOW 

Pick  and  place  Crown 

0.5  s 

0.5  s 

Pick  and  place  Axis 

0.5  s 

0.5  s 

Welding 

130  Pulses  @200  Hz  =  0.65s 

1  pulse  =  0.02  s 

Pick  and  place  for  unloading 

0.5  s 

0.5  s 

Cycle  time 

2.15  s 

1.52  s 

Table  1  Comparison  of  the  cycle  time  with  conventional  pulsed  welding  system  and  SHADOW  technique.  The  time  for  a  single  pick 
and  place  operation  is  given  for  a  Mitsubishi  RP-1  AH  4-axes  scara  robot. 

Since  the  loading  and  unloading  times  summarize  to  1.5  s  in  both  cases  the  welding  time  mainly  determines  the  total 
cycle  time.  This  is  one  of  the  potentials  of  SHADOW. 


Pick  and  place  of  the  crown  Pick  and  place  of  the  axis  Welding  of  the  crown  to  the  axis  Unload 
Fig.  5  Robot  assisted  assembly  of  axis  and  crowns 


3.3.  Fully  automated  assembly  cell  for  watch  components 

The  final  aim  of  the  project  CLAW  was  the  development  of  an  industrial  fully  automated  assembly  cell  to  demonstrate 
the  capability  of  the  joining  process.  Two  wheels  of  a  watch  had  to  be  assembled  and  welded. 

The  manufacturing  process  was  divided  into  several  steps: 

1.  pick  and  place  of  the  small  wheel  (dtoile)  of  the  date  disc  which  is  responsible  for  the  rotational  movement 

2.  pick  and  place  of  the  larger  wheel  (disc  jour) 

3.  welding  of  the  two  parts  in  an  overlap  joint  hitting  the  large  wheel  on  the  edge  of  the  inner  diameter. 

4.  unloading  the  joined  parts  and  packaging  on  a  tray 

Additionally  the  trays  were  stacked  in  a  LIFO  storage  system.  The  sketch  of  the  machine  is  shown  in  Fig.  6. 
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Fig.  6  Fully  automated  assembly  cell  for  watch  components 


Laser  with  Focusing  Optics 


Standard  pick  and  place  systems  have  been  used.  The  complete  system  is  controlled  by  means  of  a  PLC  controller  and 
several  motor  controllers.  No  process  control  system  for  the  welding  process  was  implemented  since  the  process  is  not 
sensitive  to  slight  changes  in  the  parts.  Only  the  mechanical  positioning  of  the  parts  in  the  holder  has  to  be  assured. 


4.  WELDING  OF  WATCH  COMPONENTS 

The  experiences  of  the  basic  research  led  to  the  implementation  and  validation  of  the  welding  process  for  various  watch 
components.  The  different  materials  combinations  are  listed  in  Table  2. 


Sample 

Materials 

Pulse 

Pulse 

Part 

Welding 

Line 

energy 

power 

diameter 

speed 

energy 

[J] 

[W] 

[mm] 

[m/min] 

[J/mm] 

Crown  /  Axis 

S20AP 

S20AP 

2.5 

125 

0.9 

8.48 

0.88 

Gear  Wheel 

S20AP 

S20AP 

4.2 

210 

1.1 

10.37 

1.22 

Bearing 

S20AP 

S20AP 

5.0 

250 

1.7 

16.02 

0.94 

Date  disc 

CuZn37 

CuZn37 

6.0 

300 

2.5 

23.56 

0.76 

Axis  /  Wheel 

S20AP 

CuZn37 

1.5 

75 

0.8 

7.54 

0.60 

Real  Axis 

S20AP 

CuZn37 

1.3 

65 

0.3 

2.83 

1.38 

Intermediate  gear 
wheel 

S20AP 

CuZn37 

4.2 

210 

1.9 

17.91 

0.70 

Table  2 
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As  shown  in  the  table  above,  the  pulse  energy  is  very  moderate  since  the  samples  are  small.  The  welding  speed  depends 
on  the  diameter  of  the  parts  to  be  welded  as  the  rotational  speed  was  held  constant  throughout  all  experiments.  The 
comparability  of  the  different  samples  is  therefore  not  given.  Only  the  feasibility  of  the  welding  was  to  be  proven. 

The  line  energy  applied  for  the  different  applications  measures  from  0.6  to  1.38  J/mm.  The  energy  needed  to  weld  the 
two  parts  strongly  depends  on  the  diameter  and  the  volume  of  the  parts.  The  heat  capacity  and  the  heat  losses  into  the 
surrounding  material  influence  the  required  laser  power. 


4.1.  Joining  of  similar  materials 


SHADOW  technique  creates  smooth  weld  seams  with  high  strength  as  shown  in  the  following  pictures: 


Fig.  7  Bearings  for  automatic  watches  Fig.  8  Axes  and  crowns  of  mechanical  watches  welded  with  the 

SHADOW  technique. 

courtesy  of  laser,  cheval 


In  an  automatic  watch  the  oscillating  mass  is  mounted  on  a  precision  bearing  as  shown  in  Fig.  7.  The  inner  ring  is 
adjusted  precisely  to  guarantee  a  movement  free  of  clearance.  After  the  adjustment  process,  the  two  rings  are  fixed  to 
each  other.  The  conventional  process  of  crimping  was  now  replaced  by  laser  beam  micro  welding  with  SHADOW.  The 
diameter  of  the  weld  seam  is  1.7  mm.  The  welding  speed  is  16  m/min.  The  strength  of  the  joint  is  increased  compared 
to  bearings  which  are  conventionally  crimped. 

Most  of  the  applications  in  watch  industry  are  axis/wheel  combinations.  Since  the  parts  are  often  stamped  out  of  sheet 
metal  the  axis  has  to  be  added  and  joined.  The  stamped  contour  in  the  left  picture  in  Fig.  9  is  a  kind  of  hexagon.  The 
gap  between  the  wheel  and  the  axis  to  be  joined  is  thus  not  constant.  Nevertheless,  the  weld  seam  shows  a  rather  smooth 
surface.  The  right  picture  shows  the  welding  of  two  stamped  brass  parts  (CuZn37)  with  a  thickness  of  150  pm  for  the 
date  disc  and  200  pm  for  the  wheel.  The  task  is  to  weld  in  a  fillet  weld.  The  inner  diameter  of  the  weld  seam  is  2.5  mm. 
The  welding  speed  measures  23.56  m/min  related  to  the  rotational  speed.  The  small  wheel  is  used  to  turn  the  large  disc 
within  the  movement.  Both  wheels  have  to  be  strictly  concentric  and  the  tolerances  in  height  deviation  are  very  narrow. 
The  two  parts  have  been  welded  with  the  SHADOW  technique.  The  parameters  are  as  follow:  With  the  standard  pulse 
duration  of  Th  =  20  ms  the  pulse  energy  was  Q  =  6  J.4  with  an  appropriate  pulse  forming  (temporal  lapse  of  power). 
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Fig.  9  Small  watch  components 


Fig.  10  Date  disc 


The  welding  of  brass  shows  up  with  the  problem  of  ejection  of  particles  and  the  evaporation  of  zinc.  The  liquidus  point 
of  CuZn37  (Tm  =  920  °C)  is  higher  than  the  evaporation  temperature  of  zinc  (Tevap.,  zinc  =  900  °C).  The  application  of  the 
SHADOW  technique  prevents  the  evaporation  of  the  zinc  due  to  the  fast  interaction  period  which  is  determined  by  the 

diameter  of  the  laser  spot  dbeam  and  the  welding  speed  vwddi„g:  interaction  =  ■ . =  =0-5  ms  -However  no 

v welding  23.56  m/min 


evaporation  of  zinc  could  be  observed. 


4.2.  Joining  of  dissimilar  materials 


As  mentioned  above  the  liquidus  point  of  brass  (CuZn37)  is  at  about  920  °C  whereas  the  stainless  steel  S  20AP  melts  at 
a  much  higher  temperature  (about  1400°C).  Hence,  the  process  has  to  be  controlled  in  a  way  that  the  steel  part  reaches 
first  the  melting  temperature  and  the  energy  is  transferred  by  means  if  heat  conduction  to  the  brass.  This  is  shown  in 
Fig.  1.  Due  to  die  lower  absorption  coefficient  of  brass  this  effect  is  achieved  by  positioning  the  laser  spot  slightly  on 
the  steel  axis.  Most  of  the  energy  is  absorbed  in  the  steel  and  the  brass  is  heated  by  heat  conduction  only. 


Fig.  1 1  Simple  geometry  for  axis/wheel  combination 

Material 

Axis  S20AP  Wheel  CuZn37 
0  0.3  mm 


Fig.  12  Intermediate  gear  wheel 
Material 

Inner  wheel  S20AP  Wheel  CuZn37 
0  1.9  mm 


Table  3  summarizes  the  results  in  a  more  qualitative  manor  since  the  weldability  depends  strongly  on  the  geometry  of 
the  parts,  the  volume  and  the  mass  of  the  parts,  thus  the  heat  capacity.  Thus  it  appears  that  the  feasibility  of  laser  beam 
micro  welding  has  to  be  verified  for  every  single  application.  However  the  introduction  of  the  SHADOW  technique 
broadened  the  field  of  application  as  this  paper  shows. 


Material  combinations 

Application 

Feasibility 

Steel  /  steel 

Crown  /  axis 

Very  good 

Steel  /  brass 

Wheel  /  axis 

Feasible 

Brass  /  Brass 

Date  disc 

Good 

Arcap  /  arcap 

Wheel  /  axis 

Very  good 

Date  disc 

Arcap  /  steel 

Wheel  /axis 

Good 

Table  3  Summary  of  investigated  materials  combination 


5.  CONCLUSION 

With  the  introduction  of  SHADOW  a  new  welding  technique  for  „difficult“  materials  combinations  has  been  shown. 
The  advantages  of  low  energy  input  and  high  processing  speed  lead  to  new  applications  for  laser  beam  micro  welding 
especially  in  the  watch  industry.  Here  first  promising  results  for  simple  geometries  enabled  the  transfer  of  the  process 
know-how  to  real  production  lines.  The  implementation  of  a  semi-automated  system  for  axis  /  crown  assembly  with 
manual  part  feeding  showed  the  capability  of  the  SHADOW  process.  The  energy  input  could  be  reduced  by  a  factor  of 
10  compared  to  conventional  pulsed  seam  welding.  The  intention  was  to  introduce  laser  beam  micro  welding  as  an 
alternative  to  gluing  or  crimping. 

The  stand-alone  fully  automated  assembly  cell  is  a  first  step  towards  the  industrialization  of  the  process.  The  watch 
industry  now  has  to  be  convinced  by  the  results  shown  in  several  applications  both  for  similar  as  well  as  for  dissimilar 
materials  combinations.  Further  work  will  be  done  in  the  field  of  automation  and  industrialisation  of  the  SHADOW 
welding  technique. 
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ABSTRACT 

Laser  processing  has  large  potential  in  the  packaging  of  integrated  circuits  (IC).  It  can  be  used  in  many  applications  such 
as  laser  cleaning  of  IC  mold  tools,  laser  deflash  to  remove  mold  flash  from  heat  sinks  and  lead  wires  of  IC  packages, 
laser  singulation  of  BGA  (ball  grid  array)  and  CSP  (chip  scale  packages),  laser  reflow  of  solder  ball  on  GBA,  laser 
marking  on  packages  and  on  Si  wafers.  During  the  implementation  of  all  these  applications,  laser  parameters,  material 
issues,  throughput,  yield,  reliability  and  monitoring  techniques  have  to  be  taken  into  account.  Monitoring  of  laser- 
induced  plasma  and  laser  induced  acoustic  wave  has  been  used  to  understand  and  to  control  the  processes  involved  in 
these  applications. 

Keywords:  Laser  packaging,  laser  mold  cleaning,  laser  deflash,  laser  singulation,  laser  reflow,  laser  tagging,  laser 
bumping 


INTRODUCTION 

Laser  material  processing  demonstrated  its  significance  in  many  areas  such  as  microelectronics,  data  storage,  photonics 
and  nanotechnology,  since  versatile  laser  sources  provide  flexible  and  unique  energy  source  for  precise  control  of 
material  processing.  With  current  laser  technology,  a  short  wavelength  down  to  X-ray  range  and  a  short  pulse  duration 
down  to  femtosecond  range  can  be  achieved.  The  extreme  conditions  created  by  laser  irradiation  have  provided  strong 
impact  on  material  research.  This  paper  will  summarize  a  few  research  topics  related  to  laser  applications  in  the 
packaging  of  microelectronics  devices:  laser  surface  cleaning  for  IC  molding  tools,  laser  removal  of  mold  flash  from  IC 
packages  (laser  deflash),  real-time  monitoring  in  laser  packaging  applications,  laser  reflow  of  solder  balls  for  BGA  (ball 
grid  array)  packages,  laser  singulation  of  dies  and  packages,  laser  tagging  and  laser  bumping  for  magnetic  disks. 

RESEARCH  RESULTS 


1.  Laser  Cleaning  of  IC  Molding  Tools 

Laser  surface  cleaning  is  a  newly  developed  technology.  It  has  strong  applications  in  IC  and  semiconductor  industries. 
This  laser-based  dry  cleaning  method  was  recently  developed.  Since  the  new  process  is  chemical  free  and  noise  free,  it  is 
therefore  environmentally  friendly.  It  is  also  cost  effective  since  there  is  no  consumables  and  no  need  to  treat  the  used 
chemicals  in  conventional  cleaning  processes.  Laser  cleaning  can  also  remove  a  wide  spectrum  of  contaminants, 
including  those  unable  to  be  cleaned  in  conventional  cleaning  systems  (such  as  embedded  particles  and  thick  organic 
films).  This  technology  is  also  area  selective,  flexible  to  various  kinds  of  substrates  and  applicable  to  on-line  processing, 
etc.  This  technology  has  been  studies  thoroughly  and  systematically  [1,2].  A  complete  set  of  theoretical  model  including 
laser  steam  cleaning  [3,4]  has  been  developed  based  on  experimental  results,  The  model  fits  the  experimental  results 
well  and  has  been  successfully  used  to  predict  some  new  cleaning  results  in  complex  chemical  and  physical 
environments.  Laser  surface  cleaning  has  been  demonstrated  as  a  new  technology  to  remove  small  particles  and  organic 
contamination  from  solid  surface.  It  has  the  advantages  of  high  efficiency,  high  selectivity,  being  chemical  free  and 
environmentally  friendly.  It  can  be  used  for  surface  cleaning  in  different  industries  such  as  magnetic  recording  industry 
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and  semiconductor  industry.  Research  works  have  been  carried  out  to  clean  magnetic  media  surfaces,  magnetic  heads, 
and  semiconductor  wafers.  Laser  cleaning  of  1C  mold  tools  is  one  of  the  recent  research  results  which  shows  great 
potential  in  industrial  applications. 


The  mechanism  of  laser  cleaning  involves  many  aspects  of  laser-material  interactions.  Laser  cleaning  of  particles 
involves  laser-induced  fast  thermal  expansion  of  substrate  or  particles,  and  laser  ablation  of  particles  which  has  small 
ablation  threshold.  The  laser  cleaning  of  organic  contaminants  is  considered  due  to  laser  photo-ablation  and  thermal- 
ablation  of  the  contaminants. 


Mirror 


1 

i 


Polsfd  Later 


Aperture 


Laic 


Fig.  1.  The  schematic  diagram  of  laser  cleaning  system. 


Fig.  2.  Some  mold  surfaces  before  and  after  248  nm  excimer  laser  cleaning  with  fluence  of  250  mJ/cm2  and  repetition  rate  of  30 
Hz  for  30  minutes.  The  mold  surfaces  are  partially  shined  during  laser  cleaning  to  produce  comparable  patterns. 


The  schematic  diagram  of  laser  cleaning  system  is  shown  in  Fig.  1.  A  KrF  excimer  laser  or  a  YAG  laser  is  used  as  a  light  source 
for  laser  cleaning.  The  experimental  results  show  that  grease  and  wax  contaminants  on  IC  mold  surfaces  can  effectively  be 
removed  by  laser  irradiation.  It  was  found  that  the  cleaning  threshold  is  about  50  mJ/cm2  and  damage  threshold  is  about  750 
mJ/cm  .  At  laser  fluence  of  250  mJ/cm2  with  a  good  cleaning  efficiency,  no  damage  was  found  to  the  mold  surface  after  30  min 
irradiation.  An  optical  microscope  was  used  to  observe  the  mold  surfaces  before  and  after  laser  cleaning.  In  Fig.  3,  the  upper  half 
surfaces  of  the  molds  are  processed  by  excimer  laser  cleaning,  whilst  the  lower  ones  retain  the  contaminated  originals.  The 
efficiency  of  excimer  laser  cleaning  is  obviously  high.  No  damage  on  the  mold  surfaces  is  observed.  A  commercial  system  was 
developed  for  this  purpose  (Fig.  3) 
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Fig.  3.  Laser  mold  cleaning  system 


2.  Laser  Removal  of  Mold  Flash  from  IC  Packages 

During  the  molding  process  of  IC  packaging,  molding  compound  leaks  out  and  forms  flashes  on  IC  package  surfaces.  It 
will  greatly  influence  next  packaging  processes,  such  as  plating  and  bending.  In  the  worst  case,  it  will  even  cause  scrap 
of  the  whole  IC  package.  Therefore,  deflash  of  the  IC  packages  is  one  of  the  critical  processes  in  the  manufacturing. 
Medium  blasting,  water  jet  shooting  and  chemical  etching  are  conventional  techniques  in  IC  packaging  lines.  However, 
these  methods  have  some  disadvantages  especially  when  the  package  sizes  shrink.  For  example,  medium  blasting  applies 
strong  force  on  the  packages,  causing  strong  mechanical  stress  and  even  bending  and  cracks,  water  jet  deflash  also  has 
the  same  drawbacks.  Additionally,  it  requires  subsequent  drying  process.  Chemical  etching  requires  subsequent  rinse 
and  dtying.  Sometimes,  chemicals  can  enter  the  packages  and  cause  reliability  issues.  Laser  deflash  [5]  was  developed  to 
solve  these  problems.  As  shown  in  Figs.  4  and  5,  it  was  developed  from  laser  surface  cleaning  and  is  specially  designed 
to  serve  the  IC  industry.  It  plays  an  important  role  in  IC  packaging  and  can  solve  some  intrinsic  problems  that  were 
formerly  unsolvable. 


Fig.  4  IC  packages  before  and  after  laser  deflash  pig.  5  Laser  deflasher  system 

For  laser  fluence  above  a  threshold  value,  pulsed  laser  ablation  can  cause  explosive  removal  of  the  substrate  materials 
with  an  illuminating  plasma  generated.  By  irradiating  a  laser  beam  on  an  IC  package,  it  can  be  used  to  remove  the 
molding  flashes.  Compared  with  the  conventional  techniques,  pulsed  laser  deflash  has  the  advantages  of  being  dry 
process,  high  efficiency  and  capability  of  on-line  control.  To  monitor  the  laser  deflash  in  real  time,  it  is  very7  important  to 
capture  signals  generated  during  the  laser  ablation  and  correlate  the  signals  with  processing  parameters  to  build  up 
databases  for  a  control  loop.  Optical  multichannel  analyzer  (OMA)  is  a  non-contact  plasma  detection  technique.  By 
analyzing  spectral  line  positions  and  the  line  profiles,  chemical  compositions  and  ionization  degree  during  the  laser 
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ablation  can  be  identified.  Quantity  of  the  substrate  materials  removed  can  also  be  obtained  from  the  intensity  of  the 
spectral  lines.  Optical  emission  spectra  from  excited  atoms,  ions  and  molecules  are  measured  as  a  function  of  laser 
fluence  and  delay  time  after  the  laser  irradiation.  A  Nd:YAG  laser  with  the  light  wavelength  of  1064  nm  and  pulse 
duration  of  7  ns  (FWHM)  was  used  as  a  light  source  to  deflash  the  molding  compound  in  air.  Laser  fluence  was  adjusted 
from  0  to  10  J/cm  .  Plasma  plume  generated  during  the  laser  deflash  was  imaged  by  two  convex  lenses  (focal  lengths: 
300  and  100  mm)  to  an  optical  fibre  which  was  coupled  onto  a  slit  of  an  optical  multichannel  analyzer  system  (Oriel 
Multispec).  A  grating  with  2400  lines/mm  was  selected  to  scan  the  plasma  emission  spectrum  with  a  spatial  resolution  of 
0.04  nm.  This  system  is  fitted  with  a  gate  intensified  charge  coupled  detector  (ICCD)  array. 


Temporally  integrated  plasma  emission  spectrum  for  the  molding  compound  is  shown  in  Fig.  6.  It  was  captured 
during  Nd:YAG  laser  ablation  in  air  with  detection  probe  at  1  mm  from  the  substrate  surface.  Laser  fluence  applied  was 
9.6  J/cm  .  The  plasma  emission  spectrum  was  recorded  in  a  wavelength  range  from  260  to  640  nm.  There  are  abundant 
spectral  lines  and  bands  in  the  spectrum.  It  can  be  found  that  there  are  many  emission  spectral  lines  from  neutral  excited 
atoms  Si  I  and  C  I,  singly  ionized  atoms  Si  II,  O  U  and  C  H,  doubly  ionized  atoms  Si  m.  There  are  also  emission  spectral 
bands  from  CN,  C2  and  SiO  molecules.  The  most  prominent  lines  and  bands  observed  during  the  laser  ablation  are 
attributed  to  electronic  transitions  of  neutral  excited  atoms  Si  I  (288.2,  390.9  and  576.4  nm),  molecules  CN  violet  band 
Av=0  (B2I+-  X2Z+,  385.1-388.3  nm),  molecules  SiO  (422.8,  424.4  nm  heads  of  a  3Z  -  3n  band)  and  singly  ionized  atoms 
CII  (393.4  and  396.9  nm).  Since  about  90%  of  the  molding  compound  is  SiO?  the  spectrum  analyses  are  focused  on  the 
spectral  lines  for  SiO,  Si  I,  Si  II  and  Si  HI.  It  can  also  be  observed  from  Fig.  6  that  the  spectral  lines  and  bands  are 
superimposed  on  a  background  continuum.  The  continuum  spectrum  is  resulted  from  free-free  (bremsstrahlung)  and  free- 
bound  (recombination)  transitions  at  the  early  stage  of  the  laser  ablation. 


Fig.  7  In  laser  deflash,  the  plasma  plum  involves  as  a  function  of  time  lapsed. 


Figure  7  shows  the  plasma  plume  generated  during  laser  deflash  which  evolves  as  a  function  of  time.  After  laser  pulse 
(7  ns),  the  plasma  is  generated  and  the  plume  grow  with  brighter  light  emission.  The  optical  emission  is  the  strongest  at  a 
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time  delay  of  around  80  to  100  ns.  The  plasma  is  then  being  cooled  down  by  air  and  becomes  smaller  and  weaker.  The 
plasma  plume  disappear  at  a  time  delay  of  50  us. 

3.  Laser  Texturing,  Laser  Disk  Tagging  and  Laser  Bumping 

Laser  texture  [6]  is  another  typical  application  of  laser  microprocessing  technology  in  magnetic  recording  indushy. 
Laser  texturing  has  been  used  in  laser  disk  tagging,  laser  bumping,  laser  buffing,  etc.  In  the  case  of  disk  tagging,  as 
shown  in  Figs.  8  and  9,  a  new  technology  is  developed  for  the  advantages  over  conventional  laser  marking.  Since  current 
magnetic  disk  manufacturing  does  not  have  disk-identification,  traceability  becomes  very  difficult  when  failures  happen 
at  media  or  drive  levels.  Laser  tagging  is  well  known  to  enhance  the  traceability  of  product  and  be  necessary  in  modem 
mass  production.  However,  conventional  laser  tagging  technique  employs  laser  to  ablate  the  product  surface  to  form 
visual  contrast.  Due  to  the  stringent  cleanness  requirement  and  multilayered  structure  of  finished  disk,  conventional  laser 
tagging  technique  is  no  longer  available.  The  researchers  can  employ  precisely  controlled  and  nearly  perfect  TEMoo 
laser  beam  to  induce  deformation  of  NiP  layer  on  multilayered  disk  surface.  The  research  results  showed  that  the 
coupling  of  excellent  beam  symmetry  and  multilayered  structure  resulted  in  only  surface  deformation  to  form  visual 
contrast.  The  process  is  ablation-free  and  cleanness  is  ensured.  The  developed  disk  tagging  machine  in  Fig.  10  is  fully 
automatic  and  meets  the  requirement  of  mass  production.  Typical  tagging  character  size  is  in  the  range  of  0.5  to  2  mm 
and  user  selectable.  Besides,  a  new  generation  laser  bumping  technology  as  shown  in  Fig.  11  has  been  developed.  Laser 
bumping  machine,  BumpMaker  as  shown  in  Fig.  12,  has  been  developed  and  commercialized.. 


Fig.  8  Laser  disk  tagging:  marking  formation 


Galvarjemefer 


Fig.  9  Laser  disk  tagging:  system  configuration 
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4.  Plastic  ball  grid  array  reflow  using  a  fast-modulated  CW  laser 

Laser  soldering  in  electronics  manufacturing  has  drawn  considerable  attention  over  passed  ten  years  [7-9],  because  of  its 
merits  to  accurately  and  quickly  deliver  laser  energy  onto  a  localized  area  which  will  greatly  reduce  the  thermal  effect  to 
electronic  components  and  substrates.  The  unique  ability  of  laser  soldering  had  been  applied  to  solder  fine  pitch  surface 
mount  technology  (SMT)  [10]  devices.  The  results  showed  that  the  heat  levels  applied  could  be  suited  to  the 
requirements  of  individual  solder  joints  with  an  accuracy  superior  to  other  soldering  techniques.  Very  short  heat 
exposure  times  with  an  order  of  magnitude  of  a  tenth  of  second  could  be  obtained  with  laser  soldering,  causing  the 
lowest  possible  thermal  load  of  components  and  substrate. 

Plastic  ball  grid  array  reflow  using  a  fast-modulated  CW  laser  is  studied.  A  CW/Q-switched  Nd:YAG  laser  is  modified 
to  work  in  the  fast-modulated  CW  mode.  The  Sn-Pb  eutectic  solder  balls  with  a  diameter  of  760  pm  and  a  kind  of  Au- 
Ni-Cu  solder  pads  are  used  in  the  study.  Varying  the  laser  power  and  the  laser-on  time  respectively,  the  solderable 
parameter  region  of  laser  reflow  for  the  solder  balls  and  solder  pads  is  obtained.  Shear  strength  tests  are  also  performed 
to  finding  out  the  optimal  reflow  parameters.  The  measured  shear  strength  is  higher  than  1500  gf,  with  the  maximum 
value  over  1900  gf.  An  energy  equilibrium  model  is  proposed  to  compare  the  solderable  region  predicted  theoretically 
with  the  experimental  results  and  to  estimate  the  average  temperatures  of  solder  joint  under  the  performed  experiment 
conditions. 


Solder  ball 


Multilayer 


Organic  solder  mask 
/  Copper  wire 


Plastic  substrate 


(a) 


Copper  wires  connecting  to 
adjacent  pads 
(b) 

Fig.  13.  Layout  of  solder  ball  and  PBGA  substrate,  (a)  cross  section,  (b)  top  view 


The  Sn-Pb  eutectic  solder  balls  with  a  diameter  of  760  pm  are  used  in  the  experiments.  Their  composition  is  63Sn/37Pb. 
The  schematic  layout  of  the  solder  ball  and  the  PBGA  substrate,  which  is  specially  designed  for  R&D  purpose,  is  shown 
in  Fig.  13.  The  solder  pad  has  a  multilayered  structure,  copper  under-layer,  nickel  middle-layer  and  gold  top-layer  with 
the  thickness  around  23,  12  and  0.2  pm  respectively.  It  is  surrounded  and  partially  covered  by  an  organic  solder  mask, 
and  is  supported  by  plastic  substrate.  The  pad  diameter  is  the  same  as  that  of  the  solder  ball.  Nevertheless,  the  solderable 
part  of  the  pad,  which  is  bared  out  of  the  solder  mask,  is  about  635  pm  in  diameter.  Each  pad  is  connected  to  the 
adjacent  pads  in  two  directions  by  built-in  copper  wires  with  a  pitch  of  1.5  mm.  The  cross  section  of  the  wire  is  about 
215x35  pm2. 


If  the  combination  of  the  laser  power  and  the  laser-on  time  provides  sufficient  solder  wetting  on  the  pad,  soldered  bump 
with  strong  shear  strength  can  be  obtained.  It  means  that,  within  the  solderable  region,  each  laser  power  is  corresponding 
to  a  laser-on  time  to  form  a  set  of  optimal  reflow  parameters,  and  vice  versa.  Here  only  the  sufficient  wetting  is 
concerned.  If  the  facts  of  throughput,  thermal  effects  to  substrate  and  circuit  and  others  are  taken  into  account,  some 
more  limitations  should  be  introduced.  In  this  experiment,  the  laser  power  is  set  at  22  W  and  the  laser-on  time  is 
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increased  from  80  to  140  ms  to  find  the  optimal  reflow  condition.  The  shear  strength  tests  are  carried  out  to  measure 
shear  strengths  of  the  soldered  bumps.  For  easy  test,  the  balls  are  soldered  on  skip  lines,  as  shown  in  Fig.  14.  Each 
condition  is  used  to  solder  four  balls  and  the  average  shear  strength  is  taken  into  account.  The  results  show  that  the  shear 
strength  increases  as  the  laser-on  time  increases  from  80  to  1 10  ms.  Above  1 10  ms,  the  shear  strength  tends  to  saturate  at 
about  1900  gf.  It  is  probably  due  to  the  fact  that  the  laser-on  time  of  1 10  ms  at  the  laser  power  of  22  W  already  provides 
sufficient  wetting  time. 


Fig.  14.  Skip  lines  of  reflowed  bumps  for  shear  strength  tests,  the  bar  representing  3  mm 


Fig.  15.  Optical  micrographs  of  sectioned  samples,  (a)  Au/Ni/Cu  pad  before  reflow,  (b)  interface  reflowed  at  laser-on 
time  of  80  ms  and  laser  power  of  22  W,  (c)  interface  reflowed  at  laser-on  time  of  1 10  ms  and  laser  power  of  22  W. 
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The  minimum  shear  strength  of  the  soldered  bump  at  the  laser-on  time  of  80  ms  is  1525  gf,  which  is  about  the  same  as 
the  average  shear  strength  of  the  same  size  bumps  reflowed  by  oven  [11].  It  is  26%  lower  than  the  maximum  shear 
strength  of  the  laser-reflowed  bump.  Comparing  parameters  used  during  laser  reflow  and  oven  reflow,  there  are  two 
significant  differences,  reflow  time  and  reflow  temperature.  During  oven  reflow  of  the  Sn-Pb  eutectic  solder  balls,  the 
total  wetting  time  is  about  30  -  50  s  when  the  temperature  is  above  the  solder’s  liquids  or  melting  temperature,  which  is 
much  longer  than  that  during  laser  reflow,  about  100  ms.  On  the  other  hand,  the  laser  reflow  temperature  should  be 
much  higher  in  order  to  get  enough  wetting.  These  significant  differences  may  result  in  different  structure  formation  on 
solder-pad  interface.  Figure  15  shows  cross-section  micrographs  of  the  Au/Ni/Cu  pad  before  reflow  and  the  solder-pad 
interfaces  after  reflow  using  the  laser-on  times  of  80  and  110  ms  and  the  same  laser  power  of  22  W.  Composition 
analyses  are  carried  out  using  Auger  electron  spectroscopy  and  X-ray  photoelectron.  The  results  illustrate  that  there  is  a 
Sn  rich  layer  with  a  thickness  of  about  5  pm  formed  on  Ni  pad  surface  when  the  laser-on  time  is  80  ms.  When  the  laser- 
on  time  increases  to  110  ms,  such  Sn  rich  layer  starts  to  diffuse  to  solder  material.  There  is  no  Ni3Sn4  compound  found 
over  the  solder-pad  interface,  while  it  is  an  intermetallic  compound  usually  formed  during  oven  reflow.  Such 
composition  difference  probably  is  the  reason  why  the  bump  shear  strength  reflowed  by  laser  is  stronger  than  that 
reflowed  by  oven,  due  to  the  brittle  feature  of  this  kind  of  intermetallic  compound. 

5.  Laser  singulation  and  ink-jet  laser  marking 


Fig.  16.  Laser  isolation  and  singulation  of  BGA  packages. 


Fig.  17.  Laser  isolation  and  singulation  of  BGA  packages. 
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Fig.  18.  Schematic  diagram  of  ink-jet  laser  marking. 
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Fig.  19.  High-contrast  characters  produced  by  of  ink-jet  laser  marking. 

There  are  many  other  applications.  Among  them,  laser  isolation  and  singulation  of  BGA  packages  (Fig.  16)  and  dies 
(Fig.  17),  and  ink-jet  laser  marking  (Figs.  18  and  19)  will  have  good  potential  in  applications. 


CONCLUSIONS 

In  summary,  laser  microprocessing  technology  has  been  successfully  applied  in  microelectronics  packaging.  Among  the 
various  applications,  laser  cleaning  of  IC  mold  tools,  laser  deflash  of  IC  packages,  laser  texturing,  tagging  and  bumping 
for  magnetic  disks,  laser  reflow  of  BGA,  laser  isolation  and  singulation  of  packages  and  dies,  and  ink-jet  laser  marking 
have  demonstrated  their  advantages  and  capabilities. 
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